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We present self-consistent electronic structure calculations in order to analyze the magnetocrystalline aniso-
tropy energy as well as the local spin S��i� and orbital L��i� magnetic moments for finite-length Co nanowires.
We consider monatomic chains, as well as single-crystal and polycrystalline nanowires, assuming two direc-
tions of magnetization � oriented along ��=x� and perpendicular ��=z� to the wire axis. The single-crystal
wires are cylindrical fragments of the fcc lattice grown along the �111� direction, while the polycrystalline
structures are characterized by the presence of various fcc and hcp grains. We obtain that the Co chains are
defined by a highly stable magnetization direction oriented along the chain axis. However, when three-
dimensional wires are considered, we found a strong influence of the local atomic environment on the deter-
mination of the easy axis. In fact, we observe strong oscillations of the low energy orientation of the magne-
tization between the parallel and perpendicular directions as the length of the wire increases or when the
geometrical details of the wire caps are modified. In contrast, in the polycrystalline structures, we found that
the electronic perturbation introduced by the presence of internal interfaces is more localized in nature. Actu-
ally, no spin reorientation transitions are found for different microstructures; however, reduced energy differ-
ences �compared to uniform single-crystal wires with approximately the same length� between the parallel and
perpendicular directions are obtained. Finally, the existence of internal interfaces can induce appreciable
perturbations in the density of states around the Fermi energy and, as a consequence, they are expected to
modify the number of conduction channels as well as the transport properties of the wires.

DOI: 10.1103/PhysRevB.77.134431 PACS number�s�: 75.75.�a

I. INTRODUCTION

Transition metal �TM� nanowires are one of the most
studied magnetic nanostructures. In particular, a large
amount of previous experimental reports have shown that
single component as well as alloyed TM nanowire arrays
synthesized by electrodeposition into porous membranes are
relatively easy to fabricate �see, for example, Ref. 1 and
references therein� and that they are characterized by having
magnetic properties �e.g., hysteresis curves,2–4 Curie
temperature,5 magnetization reversal mechanisms,2,6,7 etc.�
that strongly depend on the wire length and diameter, inter-
wire coupling, and microstructure, as well as chemical com-
position of the samples. Of course, revealing the precise cor-
relation between the measured data and both the microscopic
geometrical and chemical features is a fundamental issue �for
both basic research and applied science� that needs to be
addressed in order to achieve with success the possible ap-
plications of this kind of nanostructures in the magnetic re-
cording technology and in the design of novel spintronic
devices.

Interestingly, the structural characterization of these elec-
trodeposited nanowires has revealed that their atomic con-
figuration strongly depends on the synthesis protocol and, in
this sense, the case of cobalt is the most illustrative. Actually,
with the help of x-ray diffraction patterns as well as of both
scanning and transmission electron microscopy images, it
has been obtained, for example, that the as synthesized Co

nanowires �i� are in fact composed of several nanometer-
sized grains with different geometrical phases, sizes, and
relative orientations,2–4,8 �ii� are not perfectly aligned2,3,8

�i.e., it has been found that the angle between the wire axis
and the normal to the film plane typically ranges between 0°
and 30°�, and �iii� their cross section is not uniform in the
entire length of the wires, leading in some cases to constric-
tions and to significant deviations from the cylindrical
shape.8,9 On the one hand, it is clear that the complex atomic
organization of the wires within the pores is expected to have
a strong influence on the measured macroscopic response of
the samples and, on the other hand, their precise character-
ization is of course necessary also to adequately model their
magnetic and electronic properties.

In this respect, a large amount of theoretical work has
been reported in the past years in which mainly phenomeno-
logical approaches have been used to model very complex
microscopic phenomena that occur in this kind of systems,
for example, magnetization reversal mechanisms7,8,10 and the
role played by the wire packing density and magnetostatic
interactions,11 as well as the domain wall motion within the
wires.12 In general, in these cases, the wires are mainly mod-
eled as uniform assemblies of structureless cylinders or as
chains of spheres or ellipsoids. However, despite the use of
these simplified conditions, from these calculations, it has
been possible to elucidate very interesting mechanisms that
could be at the origin of experimentally measured magne-
toresistance data and the behavior of magnetostatic interac-
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tions in ordered nanowire arrays. Of course, it is clear that
simplicity is a necessary requirement for massive simulations
involving an assembly of wires with realistic size. However,
it is reasonable to expect more accurate results �or the ap-
pearance of new phenomena� by taking into account the elec-
tronic structure of the species involved, as well as the precise
geometrical details of the wires.

At this point, it is important to comment that more accu-
rate semiempirical tight-binding studies and density func-
tional theory calculations have been mainly restricted to the
analysis of the structural and magnetic properties of one-
dimensional atomic wires in the form of deposited13–18 or
freestanding systems.19–21 In the former, monatomic chains
with different lengths and chemical compositions have been
deposited on both perfectly flat and stepped surfaces and
interesting trends, concerning their structure and magnetic
configuration, have been revealed. Furthermore, with the in-
clusion of the spin-orbit �SO� interaction in the model
Hamiltonians, it has been possible to qualitatively estimate
the role played by the magnetization direction on the trans-
port properties of the wires22 as well as the values of the
orbital moments in this kind of one-dimensional
structures.15,16,21 In addition, the calculation of the magneto-
crystalline anisotropy energy �MAE� has been particularly
extensively addressed in the literature since it determines the
low energy orientation of the magnetization within the struc-
tures via the SO interaction �which connects the spin mo-
ment to the atomic structure of a magnetic material�.16,17,19–21

However, despite the large number of studies reported in the
past years, to the best of our knowledge, little is known about
the influence of more realistic geometrical imperfections
such as polycrystallinity, finite-size effects, and the presence
of internal defects on the magnetic properties of transition
metal nanowires, particularly based on an electronic theory.

In this work, we thus present a systematic theoretical in-
vestigation dedicated to the analysis of the magnetic proper-
ties of finite-length Co nanowires with complex atomic con-
figurations and with an aspect ratio that varies in the 8–63
range. We use a d-band tight-binding Hamiltonian treated in
the unrestricted Hartree-Fock approximation, where the
effects of the spin-orbit interaction �which allows us to cal-
culate the orbital moment contributions to the total magneti-
zation as well as the magnetic anisotropy energy� are non-
perturbatively included. As was already commented above,
cobalt was chosen because of its wide technological applica-
tions and rich nanometric behavior. Concerning the geo-
metrical structure of our nanowires, we consider �i� mon-
atomic chains and �ii� single9,23 and polycrystalline atomic
configurations �guided by experimental results�.2–4,8 The lat-
ter are characterized by the presence of various fcc and hcp
grains with different sizes, which are stacked together to
form metallic wires with contrasting surface terminations
and with several internal interfaces. In all the cases, we con-
sider two directions of the magnetization � within the struc-
tures oriented along ��=x� and perpendicular ��=z� to the
wire axis. We show that it is possible to obtain sizable varia-
tions in the magnitude and sign of the magnetic anisotropy
energy �leading to strong oscillations of the easy axis be-
tween the parallel and perpendicular directions� when the
length of the wire increases as well as when the geometrical

details of the wire caps or the internal structure is modified.
As far as the electronic structure is concerned, we will also
show that the density of states has a strong dependence on
the magnetization direction and microstructure of the wires.
We found sizable energy shifts and changes in the degen-
eracy of the eigenvalues in the entire electronic spectra: a
result that is expected to strongly modify the number and
orbital nature of the conduction channels in the structures.

The rest of the paper is organized as follows. In Sec. II,
we briefly describe the theoretical model used for the calcu-
lations. In Sec. III, we present the discussion of our results
and, finally, in Sec. IV, the summary and conclusions are
given.

II. METHOD OF CALCULATION

Self-consistent semiempirical calculations have been per-
formed for several Co nanowires by using the realistic
d-band tight-binding Hamiltonian, which was proposed in
Ref. 24, which nonperturbatively includes the intra-atomic
Coulomb interactions in the unrestricted Hartree-Fock ap-
proximation and the effects of the spin-orbit coupling. The
model has been described in detail elsewhere;25,26 thus, we
only summarize its main points and discuss the choice of
parameters.

Due to the inclusion of the SO interaction, the rotational
invariance of the electronic Hamiltonian is no longer pre-
served and now depends on the orientation � of the magne-
tization in the system. In the usual notation, the Hamiltonian
is given by

H� = �
i�,�

��i�
� ni�� + �

i�,j�,i�j,�
ti�,j�ci��

† cj��

+ �
i,��,���

��L� i · S� i���,���ci��
† ci���, �1�

where ci��
† �ci��� refers to the creation �annihilation� operator

of an electron with spin � in the d orbital � at atomic site i
and ni��=ci��

† ci�� defines the electron number operator. The
first term of Eq. �1�, ��i�

� , corresponds to the site- and spin-
dependent energy shift of the d level, �i�=�d

0+��i�
� �where �d

0

stands for the d orbital energy in the paramagnetic bulk� and
is determined by the global charge and the spin as follows:

��i�
� = U�i��n��i� − �J�i�S��i� , �2�

with �n��i�=n��i�−nd�bulk�. The average intra-atomic direct
Coulomb repulsion integral is denoted by U and the average
exchange integral is denoted by J. The spin-quantization axis
is taken to be parallel to the magnetization direction, which
is assumed to be uniform within the wires. The second term
of Eq. �1�, ti�,j�, denotes the corresponding hopping integrals
between sites i and j and orbitals � and �, and finally, the
third term corresponds to the SO interaction treated in the
usual intra-atomic single-site approximation.27,28 Here, �

stands for the SO-coupling constant and �L� i ·S� i���,��� refers

to the intra-atomic matrix elements of L� ·S� , which couple the
up and down spin manifolds and which depend on the rela-
tive orientation between the magnetization direction and the
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wire lattice. The number of d electrons at site i,

n��i� = �
�

��ni�↑
� � + �ni�↓

� �� , �3�

and the local spin S��i�= �Sx�i� ,Sy�i� ,Sz�i�� at each cluster site
i and for a given direction of magnetization �,

S��i� =
1

2�
�

��ni�↑
� � − �ni�↓

� �� , �4�

are self-consistently calculated by integrating the local den-
sity of states �LDOS� 	i��

� �
�=−�1 /��Im�Gi��,i��
� �
�	, where

G��
�= �
−H��−1 is the Green function operator up to the
Fermi level 
F, which is determined by the number of d
electrons per atom in the wires.

The local orbital moments L��i� at each wire site are cal-
culated from

L��i� = �
�

�
m=−2

m=2 

−�


F

m	im�
� �
�d
 , �5�

where the real d orbitals have been transformed to the com-
plex spherical harmonics basis and m refers to the magnetic
quantum number. Here, the quantization axis of the orbital
momentum is the same as the spin-quantization axis.

The electronic energy E�=�iE��i� can be written as the
sum of local contributions:

E��i� = �
��
�


−�


F

�	i��
� �
�d
 − Ei��

dc � , �6�

corresponding to the different atoms i within the wires,
where Ei��

dc stands for the double-counting correction. The
MAE is defined as the change �E in the electronic energy E�

associated with a change in the orientation of the magnetiza-
tion. In this work, for each cobalt nanowire, we consider two
directions of the magnetization �, which are oriented along
��=x� and perpendicular ��=z� to the wire axis. However, it
is important to comment that the magnetization direction can
be chosen without restrictions. Actually, by taking advantage
of our local approach, it is possible to express the total en-
ergy difference �Exz between two arbitrary orientations �
=x,z as a sum of atom resolved contributions:

�Exz = �
i

�Exz�i� = �
i

�Ex�i� − Ez�i�� , �7�

where E��i� is given by Eq. �6�. Thus, the global magne-
toanisotopic properties can be related to the various local
atomic environments within the wires. The LDOSs 	i��

� �
�
are determined by performing independent self-consistent
calculations for each orientation of the magnetization � by
using the Haydock-Heine-Kelly recursion method29 and, in
this way, we derive the MAE in a nonperturbative fashion as
a difference between electronic energies.

III. RESULTS AND DISCUSSION

In this section, we present the local atomic environment
dependence of both the spin and orbital magnetic moments,

as well as of the MAE, together with the resulting low en-
ergy orientations of the magnetization within our considered
cobalt nanowires. The parameters used for the calculations
are obtained from bulk properties �d-band width, equilibrium
distance, and bulk magnetic moment� as follows. The two-
center d electron hopping integrals �dd�, dd�, dd�� are
defined by the canonical expressions given by Heine,30 vary-
ing as the inverse fifth power of the interatomic distance r
�dd�=−6�Wb /2.5��rWS /r�5, dd�=4�Wb /2.5��rWS /r�5, and
dd�=−1�Wb /2.5��rWS /r�5� in terms of the corresponding
bulk d-band width of Co,31 Wb�Co�=5.5 eV, and the Wigner-
Seitz radius rWS. Charge transfer effects are treated in the
limit of a large direct Coulomb repulsion U�i� �i.e., U�i�→
+� and �n�i�→0 with U�i��n�i� finite�, which amounts to
imposing a local charge neutrality at each site i. The values
for the d-band filling nd�Co�=8.3 and intra-atomic exchange
integral JCo=0.76 eV �fitted to reproduce the proper mag-
netic moment and exchange splitting in the bulk�, as well as
the SO-coupling constant �Co=88 meV �obtained from Ref.
28�, have already been used in previous works.25,32,33

A. Magnetic properties of Co monatomic chains

We first study the magnetic properties of finite-length
monatomic Co chains. We consider two directions of the
magnetization, which are oriented along ��=x� and perpen-
dicular ��=z� to the wire axis, and we use a fixed nearest
neighbor interatomic distance between Co atoms, being
equal to Ro=2.5 Å.

In all our considered wires, we have found that the modu-

lus of the spin moment S�  very weakly depends on the di-
rection of magnetization �, therefore, for each one of our
considered atomic chains, we will only refer to the results for
2Sz. Actually, in addition to this weak dependence on �, in all
our one-dimensional structures, we have also found almost
saturated local spin moments 2Sz�i��1.7�B in all the sites i
and, as a consequence, 2Sz is not so sensitive either to the
local atomic environment or to the length l of the chains.
This behavior is characteristic of magnetic nanostructures
defined by a large exchange regime and has been also found
in various types of magnetic systems such as in TM clusters
with different sizes and symmetries,32,34 as well as in mag-
netic thin films with different packings.35

However, in contrast to the independence of the spin mo-
ments of �, i, and l, we see from Fig. 1 that the local orbital
magnetic moments L��i� for Co19 �Fig. 1�a��, Co49 �Fig.
1�b��, and Co89 �Fig. 1�c�� monatomic wires �shown as rep-
resentative examples� are more sensitive to variations in the
direction of the magnetization and in the local atomic envi-
ronment. From the figure, we first note that very enhanced
values for L��i�, with respect to the hcp Co bulk �Lz
=0.14�B�, are found in all our chains, the largest enhance-
ment being obtained in general at the sites located at the end
of the wires where L��i��1�B. However, we notice that a
sizable part of this increase in the local orbital moments is
considerably lost when we move to the inner regions of the
atomic chains, where L��i� decays very fast �with some os-
cillations� with increasing the distance from the extremes of
the chains. Interestingly, in all our considered wires, we ob-
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serve almost the same value for L��i� at the center of the
structures, being of the order of 0.5�B for �=z and of 0.8�B
for �=x. These values could be representative of the infinite
chain limit and, actually, they are very close to the ones
calculated by Komelj et al.15 for monatomic Co wires by
means of ab initio techniques, which is a fact that gives us
confidence in our results.

It is important to also comment about the difference
Lz�i�−Lx�i�=�Lzx of the calculated local orbital moments in
each site i between the two different orientations of the mag-
netization. From Fig. 1, we also note that sizable values for
�Lzx vs i are found, being as large as 0.4�B �at the sites
located at the wire caps�, which are orders of magnitude
larger than the values for �Lzx previously found at magnetic
transition metal surfaces25 and nanoparticles.33 It is impor-
tant to be precise that the magnitude and sign of �Lzx are
particularly relevant due to the well known �second order
perturbation theory� expression that relates both the aniso-
tropy in the orbital moments to the anisotropy in the elec-
tronic energies through the proportionality equation Lz−Lx
Ex−Ez.

28 This relation implies that the easy axis in the
systems can be also inferred by determining �e.g., by means
of x-ray magnetic circular dichroism experiments36� the di-
rection of magnetization � characterized by the largest value
of the orbital moment. Following these arguments, we can
thus clearly predict from Fig. 1 that the direction �=x will
define the low energy orientation of magnetization in all our
considered monatomic wires.

In fact, this is what we observe in Fig. 2, where we plot
the average magnetic anisotropy energy, ��Exz�, as a function
of the length l of our considered chains calculated by Eq. �7�.
From the figure, we clearly see that, in all cases, sizable
negative values for ��Exz� are found, which is a fact that
implies that the low energy direction of the magnetization is
oriented along the wire axis ��=x�, which is in agreement
with the orbital magnetization data shown in Fig. 1. This
result is also consistent with previous calculations reported

in Ref. 17 for both finite and infinite monatomic Co chains
where a highly stable magnetization direction along the wire
axis was found. In addition, in that work, it was clearly
shown that the interaction of Co chains with a Pd surface
could strongly perturb their magnetic properties, being at the
origin of spin reorientation transitions in the systems. How-
ever, we believe that the here-reported trends are expected to
hold in the case of weakly interacting substrates �i.e., negli-
gible charge transfer�, such as insulating films or semicon-
ducting surfaces, where only sizable perturbations in the
nearest neighbor interatomic distance between the Co atoms
in the deposited chains are expected to occur.

In fact, in order to analyze these structural effects, we
have performed additional calculations to study the magnetic
properties of more realistic strained Co monatomic wires. We
have chosen the Co19, Co49, and Co89 chains �already ana-
lyzed in Fig. 1� as representative examples. In all cases, we
have found that uniform contractions or expansions in the
Co-Co bond length, at least as large as 5%, are not enough to
change the low energy direction of the magnetization calcu-
lated in Fig. 2, defining, as a consequence, a highly stable
spin orientation in the one-dimensional systems.

B. Magnetic properties of single-crystal fcc Co nanowires

In this section, we now analyze the magnetic properties of
finite-length single-crystal fcc nanowires, as the ones shown
in Fig. 3. These cylindrical structures are compact portions
of the fcc lattice grown along the �111� direction. In the
figure, we show as representative examples the wire struc-
tures for Co111 �Fig. 3�a��, Co117 �Fig. 3�b��, Co123 �Fig.
3�c��, and Co125 �Fig. 3�d��. They are all formed by a central
atomic chain placed along the x axis surrounded by two suc-
cessive coaxial shells �made of triangular and hexagonal
units�, resulting in ultrathin wire structures with an average
diameter equal to 3.9 Å. Notice from the figure that nano-
wires with different lengths can also differ in the atomic
structure of their wire caps, which is a fact that, as will be
seen in the following, will play a fundamental role in deter-
mining the average magnetoanisotropic behavior in the
systems.
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FIG. 1. Calculated local orbital moments L��i� ��B� for �a� Co19,
�b� Co49, and �c� Co89 monatomic wires.
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FIG. 2. Average magnetic anisotropy energy, ��Exz� �meV/
atom�, calculated for our considered monatomic wires as a function
of their length l �Å�. In the inset, the two magnetization directions
are shown.
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In Fig. 4, we show our results for the calculated average
magnetic anisotropy energy, ��Exz�, as a function of the
length l of our considered single-crystal Co nanowires �see
Fig. 3 for representative examples�. In contrast to the results
plotted in Fig. 2, we now observe in Fig. 4 that the ��Exz� vs
l curve presents strong oscillations in the MAE values, which
dramatically changes not only in magnitude but also in sign,
leading to the existence of various spin reorientation transi-
tions in the systems as l increases. Actually, even if our nano-
wires with l�45 Å are characterized by having the same
low energy direction of the magnetization ���Exz�l���0�,
being oriented perpendicular to the wire axis, we can see that
sizable variations in the magnitude of ��Exz� are still ob-
served. In particular, it is important to remark on the pres-

ence of Co nanowires with ��Exz��0 since these values, on
the one hand, imply a low stability of the magnetization di-
rection and the existence of reduced blocking temperatures
within the wires and, on the other hand, also define a sce-
nario in which minor structural transformations, or electronic
perturbations �charge transfer originated from the adsorption
of contaminants or ligands�, might influence the orientation
of the easy axis in the structures.

At this point, it is important to comment that besides the
spin reorientation transitions observed in Fig. 4 as l in-
creases, we have found that structures with approximately
the same length but with a different geometrical arrangement
at the wire caps also exhibit a complex magnetic behavior.
This is clearly seen, for example, in the cases of the Co91
�l=39.5 Å� and Co97 �l=43.5 Å� wires, which are shown as
insets in Fig. 4. Here, the latter is constructed from the
former by simply adding an additional triangular unit to both
ends of the Co91 wire, defining a new Co structure with
almost the same aspect ratio, being approximately equal to
�20. However, from the figure, we see that this minor struc-
tural modification is enough to modify the low energy orien-
tation of the magnetization in the system from being perpen-
dicular ���Exz��0� to being parallel ���Exz��0� to the wire
axis. Interestingly, even if localized in nature, the previous
geometrical modification of the wire caps causes, as we will
see in the following, an extended electronic perturbation
within the wire that considerably changes the local contribu-
tions �Exz�i� �see Eq. �6�� in the system, modifying, as a
consequence, the global average magnetoanisotropic behav-
ior. Actually, if we now add to the Co97 nanowire an addi-
tional hexagonal cluster to each one of its ends, we obtain a
Co111 structure with a length of 47.5 Å �see Fig. 3�a��. In this
case, a new spin reorientation transition is found, and the low
energy direction of the magnetization comes back �as in the
Co91 case� to being perpendicular to the wire axis. Finally, it
is important to remark that for the larger wires, the sign of
��Exz� is stabilized leading in all cases to a direction of mag-
netization perpendicular to the wire axis, which is in contrast
to the one-dimensional case �see Fig. 2�.

It is interesting to correlate the average magnetic behavior
of our Co nanowires shown in Fig. 4 with the different local
anisotropies �Exz�i� obtained within our considered struc-
tures. In Fig. 5, we first show for some representative cases
the average contributions ��Exz�j�� for the different axial
shells j surrounding the principal symmetry axis of our
wires. In the figure, j=1 defines the Co atoms located on the
x axis forming a monatomic �expanded� chain �see the inset
of the figure�, j=2 specifies the atoms forming the triangular
clusters which are found all along the cylindrical structures,
being placed at a distance of 1.43 Å from the principal sym-
metry axis of the wires, and, finally, j=3 defines the Co
atoms located in the hexagonal units at a distance of 2.48 Å
from the center of the structures. In Fig. 5, we show our
results for Co45, Co91, Co97, Co111, and Co123 nanowires for
which an interesting average magnetoanisotropic behavior
has been obtained �see Fig. 4�. From the figure, we first note
that the local contributions ��Exz�j�� strongly change as a
function of j, as well as when the length of the nanowires is
modified. It is important to remark that, in general, the values
of ��Exz�j�� for the surface positions j=2 and j=3 have in
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FIG. 3. Illustration of our considered single-crystal fcc nano-
wires grown along the �111� direction for �a� Co111, �b� Co117, �c�
Co123, and �d� Co125.
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FIG. 4. Average magnetic anisotropy energy, ��Exz� �meV/
atom�, calculated for our considered single-crystal fcc nanowires as
a function of their length l �Å�. In the insets, we show the structures
of the Co91 and Co97 wires.
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most of the cases the same magnitude but different sign,
resulting in nonadditive contributions that yield very small
values for the sum ��Exz�2��+ ��Exz�3��. In contrast, the en-
ergy variations of ��Exz�1��, even if they cover a more re-
duced energy range, can change sign and, actually, as we will
see in the following, they play an important role in defining
the low energy orientation of the magnetization in the sys-
tems.

The previous trends are clearly seen in the case of the
Co45 nanowire �see the continuous line� where the local con-
tributions for j=2 and j=3 tend to cancel each other, yield-
ing a very small but positive value and, as a consequence, the
negative local contribution obtained for j=1 is thus at the
origin of the low energy orientation of the magnetization
along the x axis �Fig. 4�. In contrast, for the Co91 structure,
both j=1 and j=3 local contributions are now positive and
thus dominate the average magnetic behavior, being actually
at the origin of the switch of the magnetization from along to
perpendicular to the wire axis.

The analysis of the axial distribution of the local magnetic
anisotropy energies discussed in the previous paragraph has
already revealed an interesting behavior for ��Exz�j�� as a
function of the local atomic environment. However, the slow
convergence of ��Exz� as a function of l, as well as the high
sensitivity of the low energy magnetization direction to the
geometrical structure of the wire caps �shown in Fig. 4�, also
points to the existence of strong finite-size effects in this kind
of systems. Consequently, and with the purpose of more
clearly understanding the length dependence of the MAE
shown in Fig. 4, we divide our considered single-crystal fcc
Co nanowires into three fragments Fi: �i� one located in the
central region of the wires, Fc, with a length of 11.8 Å and
�ii� two equal wire volumes �with varying length� located to
the right, Fr, and to the left, Fl, of the central region defining
the end portions of our structures.

In Fig. 6, we plot the individual average MAE contribu-
tions of these representative volumes as a function of l. From
this figure, we can see that, in contrast to the total MAE vs l

shown in Fig. 4, the average MAE of the central volume
��Exz�Fc�� �shown as inset� is always positive �with the ex-
ception of the Co45 case� and slowly varies as a function of l.
Still, we observe that for nanowires with l�80 Å, the aver-
age contribution of the MAE in the central region is clearly
affected by the size and structure of the wire caps. However,
from the figure, we note that for nanowires with l�80 Å, the
MAE contribution of this portion becomes almost constant.
In fact, the magnetic anisotropy energy is always positive
and appears to saturate to 0.3 meV/atom, which thus gives
an idea of the values one would obtain for an ideal infinite
fcc Co nanowire of this diameter. Actually, the average or-
bital moment of this region �L��Fc�� is equal to 0.26�B, still
being notably enhanced with respect to the bulk value.

From Fig. 6, we note in contrast that a more complex
magnetic behavior is obtained for the Co segments located at
the wire caps. In fact, when compared with the results shown
in Fig. 4, we notice that the average MAEs as a function of l
in these fragments ��Exz�Fr,l�� are the ones that dominate the
global average magnetic behavior, strongly contributing to
the observed spin reorientation transitions and to the reduced
values of ��Exz� with increasing the length of the wires.
These results clearly demonstrate that nanowires of these
lengths can yield different contributions for the ��Exz� de-
pending on the particular way the structures are terminated.

C. Magnetic properties of polycrystalline Co nanowires

In this section, we now present the magnetic properties of
finite-length polycrystalline Co nanowires. Some of our con-
sidered polycrystalline structures are shown in Fig. 7 and are
characterized by the presence of various fcc and hcp grains
with different sizes, which are grown along the �111� and x
directions, respectively, and are stacked together to form me-
tallic wires with contrasting surface terminations and with
several internal interfaces. In Fig. 7�a�, we first show the
structure of a single fcc wire made of 195 atoms. In Fig.
7�b�, we show the case of a Co nanowire with 183 atoms and
made of three fcc fragments, each one of them having a
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FIG. 5. Calculated average magnetic anisotropy energy,
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surface sites have been removed in order to evidence the location of
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length l�25 Å. These fragments are attached together
through the hexagonal units �as marked by arrows in the
figure� and are rotated with respect to each other by 30°.
Notice that, compared with the single-crystal wire shown in
Fig. 7�a�, the different relative orientations between the seg-
ments leads to the formation of a Co nanowire with a more
corrugated surface.

In Fig. 7�c�, we present a Co cylindrical structure in
which the central region of the nanowire is made of a cylin-
drical hcp fragment with 67 atoms and length l=25 Å �see
blue spheres� to which we add, in both sides, a fcc grain with
68 atoms and a length of 31.4 Å. As seen from the figure, the
two types of structures are attached through a junction in-
volving a triangular cluster and a hexagonal unit. In Fig.
7�d�, a similar type of construction is presented but now the
fcc fragment is the one located in the center of the wire and
the hcp fragments are found to be attached to the left and to
the right of the hcp cylindrical segment. Notice that, com-
pared to the single-crystal structure shown in Fig. 7�a�, all
our considered polycrystalline wires are approximately of the
same length �varying by at most �7 Å� but strongly differ in
their microstructure. Finally, it is important to comment that
even if the previous types of constructions roughly model the
structural features reported for this kind of systems,2–4,8 we
believe that our here-proposed atomic configurations contain
the fundamental ingredients necessary to analyze the changes
in the local magnetic moments and MAE values due to the
existence of a nonperfect growth.

In Fig. 8, we show our results for the calculated average
magnetic anisotropy energy, ��Exz�, for the polycrystalline

structures shown in Figs. 7�b�–7�d�. We also include in the
figure, for the sake of comparison, our calculated value for
��Exz� for the single-crystal atomic configuration shown in
Fig. 7�a�. From the figure, we see as a general trend that,
when considering a grainlike structure for Co nanowires, the
energy difference ��Exz� between the parallel and perpen-
dicular directions of magnetization �compared to the single-
crystal wire� is always reduced. This is particularly the case
when both fcc and hcp phases coexist within the structures,
as seen from our data shown in Fig. 8 for the Co203 nanowire
with a length of 87 Å. Still, the calculated values for ��Exz�
are larger than the ones found for bulk hcp Co ��10−5 eV�.
Interestingly, and in contrast to the results shown in Fig. 4,
we notice that introducing this kind of structural imperfec-
tions does not lead to spin reorientation transitions in the
systems. However, our results shown in Fig. 8 could imply
that, in real samples, reducing the degree of polycrystallinity
might lead to the formation of magnetic nanowires with a
more stable low energy magnetization direction.

Actually, as shown in the previous section, it is possible to
trace the sizable reduction in the MAE values for the poly-
crystalline atomic configurations shown in Fig. 8 to the al-
ready observed sensitivity of �Exz to the local atomic envi-
ronment. In particular, it is interesting to analyze the average
MAE contributions of each one of the grains and how they
combine to define the average magnetoanisotropic behavior
of the wires. In this respect, we show in Fig. 9 the average
MAE contributions ��Exz�Vi�� for well defined volumes, Vi
�i=fcc and hcp�, for the Co nanowires as the ones shown in
Fig. 7. In the figure, we indicate the corresponding value of
��Exz�Vi�� for each one of the selected volumes Vi as well as
the average MAE in the structures. From Fig. 9�b�, we first
see that by simply introducing a small degree of orientational
disorder in a single-crystal structure, a sizable reduction in
the total MAE is obtained �compare with Fig. 9�a��. Note
that, in contrast to the results shown in Fig. 9�a�, the end
portions of the wires now contribute with small positive val-
ues, which are of the order of �0.034 meV/atom, thus domi-
nating the global magnetoanisotropic behavior, and begin at
the origin of the notable reduction in the total MAE.

From Fig. 9�c�, a more interesting behavior is observed
since, besides the small and positive values obtained for
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FIG. 7. �Color online� Illustration of our considered polycrystal-
line Co nanowires. �a� A single fcc Co195 structure grown along the
�111� direction. �b� Co183 wire composed of three fcc segments
rotated with respect to each other by 30°, being attached through
hexagonal units �see the arrows�. �c� A polycrystalline Co203 nano-
wire made by a central hcp fragment �blue spheres� to which we
attach in both sides a fcc portion �gray spheres�. �d� A polycrystal-
line Co197 structure made by a central fcc fragment �gray spheres�
to which we attach in both sides a hcp portion �blue spheres�.
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��Exz�Vfcc�� in the fcc fragments located at the end of the
wires, the average local contribution of the hcp grain
��Exz�Vhcp�� is found to be negative, implying that the low
energy direction of magnetization in this well defined vol-
ume is oriented along the x axis. Of course, these local val-
ues result in nonadditive contributions that are at the origin
of a more reduced MAE value, as indicated in the figure.
Finally, and in contrast to the results shown in Fig. 9�c�, from
Fig. 9�d�, we see that hcp fragments located at the wire caps
have an average magnetization oriented perpendicular to the
wire axis ���Exz�Vhcp���0�, similar to the central fcc vol-
ume, which is a contribution that reinforces the spin direc-
tion perpendicular to the wire as the easy axis of the struc-
ture. Interestingly, this kind of grainlike structure has been
observed in real samples of Co nanowire arrays fabricated by
electrodeposition1 or naturally appear if the wires are formed
through the aggregation of nanoparticles technique.37 We can
thus conclude by saying that a detailed characterization of
the wire structure should be very important for a precise
characterization of the material properties, as well as for
more realistic comparisons between theory and experiments.

The role of the presence of grain boundaries on the local
distribution of the orbital moments and magnetic anisotropy
energies can be also analyzed by plotting the average values
of ��Exz� and �L�� found for both the hexagonal and trian-
gular units, as well as for the single Co atoms located all
along the length of the wire defining different shells m �m
=0 being the center of the wire�. These data are plotted in
Figs. 10–12 for single-crystal Co195 and polycrystalline Co183
and Co203 structures, respectively, which are shown in Figs.
7�a�–7�c�.

From Figs. 10�a� and 10�b�, we see that, for the single-
crystal wire, a highly regular distribution for both ��Exz�m��

and �L��m�� as a function of m is obtained within the struc-
ture. However, from Figs. 11 and 12, it is interesting to re-
mark that the previously well defined sequence of values
obtained for ��Exz�m�� and �L��m�� are notably perturbed,
particularly in Fig. 12, wherein different geometrical phases
coexist within the wire. Notice that the local anisotropies are
more strongly affected by the presence of these grain bound-
aries, leading to a highly nonuniform ��Exz� vs m curve but
with a more equilibrated distribution of positive and negative
contributions. The previous local distribution leads to strong
cancellation effects, thus being responsible for the sizable
quenching of the average MAE found in Fig. 8.
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We believe that the previous results obtained for both
single-crystal and polycrystalline Co nanowires are particu-
larly relevant when they are set in the form of an array since
the different values found for the average MAE, for the dif-
ferent types of microstructure, will compete or add with the
other magnetic anisotropy energy contributions such as the
shape anisotropy or dipolar interactions, thus playing a fun-
damental role in defining the average magnetic properties of
the samples.

D. Calculation of the density of states

As is well known, previous theoretical works performed
on transition metal clusters,19 monatomic wires,19,20,22 and
thin films38 have shown that changing the spin orientation
within the structures leads to significant perturbations in their
electronic spectra, consisting in sizable energy shifts as well
as in changes in the degeneracy of the eigenvalues �induced
by the SO coupling� occurring all along the energy level
distribution. In fact, the previous electronic perturbations
have been found to be of fundamental importance �when
they are present around the Fermi energy� for determining
the magnitude of the anisotropy barriers between the two
directions of magnetization as well as for explaining the spin
reorientation transitions observed in this kind of magnetic
nanostructures.

In order to show these effects in our considered Co nano-
wires, we plot in Figs. 13 and 14 the average density of
states �ADOS� of single-crystal Co195 �Fig. 7�a�� and poly-
crystalline Co183 �Fig. 7�b�� structures, respectively, for the
two considered directions of magnetization �. From the fig-
ures we see in both cases an appreciable dependence of the
ADOS on the orientation of the magnetization. As expected,
we found the existence of notable energy shifts and SO-
coupling-induced removal of degeneracies all along the en-
ergy range. This is particularly the case in the polycrystalline

configuration shown in Fig. 14, wherein a more abundant
and less intense peaked structure is observed in the ADOS
for the two orientations of the magnetization. This less de-
generated spectrum �which is primarily linked to the reduced
symmetry of the nanowire� leads of course to a more closely
spaced energy level distribution, rendering more effective the
SO mixing between occupied and empty electronic states
around the Fermi level.

It is clear that the previous SO-induced modifications in
the eigenvalue spectra will affect the other electronic prop-
erties in the material and, in particular, in the case of ferro-
magnetic atomic contacts, a strong dependence of the con-
ductance on the direction of magnetization has already been
found.22 This is physically expected since, as already stated
above, when the magnetization is rotated, the energy shifts of
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the eigenvalues as well as the band splittings obtained
around the Fermi energy will play an important role in de-
fining the number, orbital nature, and degeneracy of the con-
duction channels in the wires. Of course, a direct inference of
the conduction from the structure of the ADOS shown in
Figs. 13 and 14 is not possible but these quantities are inti-
mately linked. In any case, it is clear that these modifications
in the electronic spectra induced by precise microstructural
features must be taken into account when analyzing the
transport properties of more realistic magnetic nanostruc-
tures.

IV. SUMMARY AND CONCLUSIONS

In this work, we have reported extensive self-consistent
electronic structure calculations dedicated to the analysis of
the MAE as well as the local spin S��i� and orbital L��i�
magnetic moments for various types of finite-length Co
nanowires. We have considered monatomic chains, as well as
fcc single-crystal and polycrystalline nanowires, and our cal-
culations have revealed that the local atomic environment
has a strong influence on the determination of the easy axis
in the structures. We have found strong oscillations of the
low energy orientation of the magnetization between the par-
allel and perpendicular directions as the length of the wire
increases or when the geometrical details of the wire caps are
modified. As a general trend, in the polycrystalline atomic
configurations, we obtain reduced energy differences be-

tween the parallel and perpendicular directions of magneti-
zation, which could imply that reducing the degree of poly-
crystallinity in this kind of samples could be used to
synthesize magnetic nanowires with a more stable low en-
ergy magnetization direction. In addition, it is clear that due
to their sensitivity to the local atomic environment, the mag-
netic properties of this kind of materials can be thus greatly
modulated, exploring a wide spectrum of magnetic phenom-
ena.

Finally, we have found a clear dependence of the elec-
tronic spectra on the magnetization direction. We have ob-
tained sizable energy shifts and SO-coupling-induced re-
moval of degeneracies all along the energy range. This effect
is particularly important in the polycrystalline configurations,
which implies that precise details of the microstructure �i.e.,
defects, grain boundaries, etc.� in magnetic nanowires are
expected to also strongly modify the number of conduction
channels as well as the transport properties of the wires.
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