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Magnetic properties of free-standing finite linear Co chains
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The ground state magnetic properties of Con linear atomic chains with1 ≤ n ≤ 10 are studied within density functional theory using the
generalized gradient approximation. A linear scaling between the binding energy per atom and the inverse of the number of atoms in the
chain is found. For the optimized geometries, our results show a dimerization effect for chains of few atoms but for the longer ones the
phenomena disappear in the center but remains at the ends due to finite size effects. The spin moment, the orbital moment, and the magnetic
anisotropy energy were investigated. For long chains, the orbital and spin moments have a tendency to become uniform. Enhanced spin and
orbital moments were found due to the reduced coordination number compared to the cobalt in bulk. The cobalt chain of five atoms has
the highest magnetic anisotropy energy with an outstanding 8 meV, suggesting that it could have applications in ultrahigh density magnetic
memories and hard disk.
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1. Introduction

Nanotechnology is a promising field because of the novel
properties that the materials could display at nanoscale, more
specifically magnetism at nanometer scale attracts consider-
able attention due to fundamental and technological perspec-
tives [1-5]. For example, for high density magnetic recording
one would likely be able to develop magnetic nanoparticles
that combine both high saturation magnetization and large
Magnetic Anisotropy Energy (MAE). The MAE determines
the stability of the magnetization direction and the orienta-
tion of the magnetization with respect to the lattice struc-
ture. Also, magnetic nanoparticles offer great possibilities in
biomedicene [6], for instance magnetic separation of labelled
biological entities from its native environment using biocom-
patible nanoparticles, localized drug delivery reducing the
side effects and the dosage, the posibility of treating cancer
by induced hyperthermia dispersing magnetic nanoparticles
throughout the target tissue and applying an external mag-
netic field, contrast enhancement agents for MRI and many
more applications.

Theoretical research has been done in both infinite and
finite linear chains of cobalt atoms. For freestanding infinite
chains Guo and Tung [7,8] made a systematicab initio study
of the magnetic and electronic properties of all3d, 4d and5d
transition metals for both linear and zigzag nanowires, Kim
et al. [9] with the WIEN97 code investigated the change in
the electronic structure and magnetic moment of transition
metals of group 8-10 as their dimensionality is reduced, they
predicted that all are magnetic in 1D, except Ir. For finite lin-
ear chains Weinbergeret al. [10] studied the magnetic proper-
ties of cobalt chains on Pt(111) and Brunoet al. [11] studied
the structure and magnetic properties of cobalt chains on a
stepped Cu surface. For cobalt monoatomic chains on top of
the Cu(001) and Pt(001) see [12].

Nanostructures are not only a theoretical subject, experi-
mental research has been done in the past years, linear Aun

chains with1 ≤ n ≤ 20 on NiAl(110) were created with
the ability of a scanning tunneling microscope to manipulate
single atoms [15]. Eigler and Schweizer [13] used a Scan-
ning Transmission Microscope at low temperature to posi-
tion individual Xe atoms on a single crystal nickel surface.
Kernet. al. [14] made various morphologies using diffusion-
controlled agregation on surfaces.

Heisenberg model calculations with finite range exchange
interaction show that in a one dimensional chain, ferromag-
netism cannot be maintained at finite temperature [16]. On
the other hand, the inclusion of a strong magnetic anisotropy
can modify this statement as was shown experimentally by
Gambardellaet al. [17], growing cobalt chains on a Pt(997)
surface they showed evidence that in 1-D3d metal chains can
sustain both short and long range ferromagnetic order at a fi-
nite temperature. Cobalt has a strong tendency to magnetize
due to their partially filledd-orbitals and exhibits magnetism
in their bulk structures. For finite linear cobalt chains it is
important to investigate the possibility of ferromagnetism at
ground state. A lot of work has been done theoretically and
experimentally but the understanding on the magnetic proper-
ties of freestanding finite linear cobalt chains and how mag-
netism affects their structural properties is still incomplete.
At the best of our knowledge there is no such study.

In the present paper we study the magnetic properties of
freestanding Con linear chains in the ground state with differ-
ent length (1 ≤ n ≤ 10) in terms ofab initio calculations in-
cluding the spin-orbit coupling (SOC). We focus on the spin
moment, orbital moment and magnetic anisotropy. In Sec. 2
we describe our system and the computational method with
the parameters used. In Secs. 3 and 4 we present our results
of the binding energy, spin and orbital moments for the op-
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timized chains and the magnetic anisotropy energy. Finally,
we present our conclusions in Sec. 5. We study only free-
standing chains but the physics of our results could also hold
for other systems changing the values of the physical quan-
tities, for example in break junctions, nanowires evolve to
form a linear monoatomic chains when pulled along specific
crystallographic directions [18-20].

2. Theory and computational Method

The calculations are performed in the framework of
Hohenberg-Kohn-Sham’s density functional theory [21] as
implemented in the Viennaab initio simulation package
(VASP) [22]. This computer software solves the spin-
polarized Kohn-Sham (KS) equations with an augmented
plane-wave basis set that use the projector augmented wave
(PAW) method [21,24], which is an approximate all-electron
approach with frozen cores. The exchange and correlation
effects are treated in the generalized-gradient approximation
(GGA) by using the Perdew-Burke-Ernzerhof (PBE) func-
tionals [23]. For3d transition metals, the electronic and mag-
netic properties are reliably described by considering as va-
lence electrons the3d, 4s, and4p states [24].

The cobalt chains are placed inside a supercell which di-
mensions are such that the interactions between neighboring
images are negligible. In practice, this criterion is satisfied
when the images are separated from each other by at least
12Å. The KS wave functions in the interstitial region are ex-
panded in a plane wave basis set with a kinetic energy cut-off
of 575 eV, this value guarantees that the total energy con-
verges within less than 1 meV/per atom. For metallic-like
systems, one often finds very rapid variations of states close
to the Fermi level that may cause a poor convergence of rele-
vant physical quantities such as the total energy, therefore,
a smearing of the KS levels is introduced in order to im-
prove numerical stability. We have used a Gaussian smear-
ing method with a standard deviationσ between 0.001 eV
and 0.0002 eV, theσ value is different for each chain to keep
the entropy of the non-interacting KS gas below10−6 eV/K-
atom. For small chains,σ = 0.001 is good enough to keep

FIGURE 1. A representation of a Co10 chain. Also it could repre-
sent a smaller chain if we remove the last atoms, for instance this
figure would represent a Co8 chain if we remove the ninth and tenth
atom.dl,l+1 is the distance betweenl-atom and (l + 1)-atom.

the entropy low but it is not good for larger chains, in this case
a smaller value aroundσ = 0.0002 is needed. Since we are
dealing with isolated chains, the calculation of all Con chain
properties is carried out by considering only theΓ-point in
reciprocal space. The geometry optimization is performed
by using the conjugate-gradient and quasi-Newton methods
until all the forces on each atom are less than 0.001 eV/Å.

Figure 1 represents a linear Con chain withn = 10, dl,l+1

is the distance betweenl-atom and (l + 1)-atom. For a chain
with n atoms we have to computen− 1 distances. The opti-
mization is carried out in two stages, first we make a collinear
calculation to obtain the charge density and then we use this
charge to compute the energy including the spin-orbit cou-
pling. The calculations are performed along the chain (Z
axis) and perpendicular to the chain (X axis). Then we com-
pute the magnetic anisotropy energy defined as the difference
energy betweenX andZ axis. For the infinite linear chain
we calculate the equilibrium bond length by computing the
total energy in function of the interatomic distance and then
locating the minimum. Finally we compute the MAE for the
optimized geometries.

3. Ab initio results

3.1. Bond lengths and Binding energy

With the optimized structure coordinates we compute the dis-
tancesdl,l+1 for all chains. The calculated bond lengths for
each chain are displayed in Table I, the first row indicates the
amount of atoms in the chain and the first column indicates
the distance between thel and l +1 atom in that chain. For

TABLE I. This table shows de distance between thel-atom and the(l + 1)-atom for the Con chains with2 ≤ n ≤ 10. The distance between
any nearest neighbors in a infinite linear chain is 2.15Å .

n = 2 3 4 5 6 7 8 9 10

d1,2 1.96 2.12 2.00 2.02 2.02 2.00 2.02 2.02 2.02

d2,3 2.12 2.56 2.25 2.26 2.31 2.27 2.27 2.32

d3,4 2.00 2.25 2.10 2.10 2.14 2.13 2.09

d4,5 2.02 2.26 2.10 2.16 2.20 2.18

d5,6 2.02 2.31 2.14 2.20 2.16

d6,7 2.00 2.27 2.13 2.18

d7,8 2.02 2.27 2.09

d8,9 2.02 2.32

d9,10 2.02
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FIGURE 2. The binding energy per atomEb in function of1/n. It
follows a linear scaling in function of1/n asf(1/n) = −1.9759+
0.9688(1/n).

instance, the trimer hasn = 3, thend1,2 = 2.12 is the dis-
tance from atom 1 to atom 2 andd2,3 = 2.12 is the distance
from atom 2 to atom 3. Also we computed the bound length
for an infinite linear chain, the result isd = 2.15 Å.

We can see from Table I that for small chains a dimeriza-
tion is generated, for long chains this effect almost disappears
in the center but it is maintained at the ends of the chains. The
dimerization effect is shown with more clarity for the chains
of 4 and 10 atoms. For Co4 the distance between atom 1
and 2d1,2 = 2.0 Å and it is the same ford3,4, but the dis-
tance between atom 2 and 3 is much bigger,d2,3 = 2.56 Å,
then Co4 apparently is made of 2 dimers. On the other hand,
for Co10 the distances between the atoms near the center are
almost the same,d5,6 = 2.16 Å, d4,5 = d6,7 = 2.18 Å
and they are close tod = 2.15 Å that is the equilibrium
bond length for a infinite chain. At the ends of the Co10

chain things are different, the distance between atom 1 and
2 d1,2 = d9,10 = 2.02 Å, but the distance between atom 2
and 3 is biggerd2,3 = d8,9 = 2.32 Å, thus the central atoms
of the Co10 behaves like an infinite chain but there is a dimer-
ization effect at the ends. The binding energy per atomEb is
defined as

Eb = (nE(1)− E(n))/n

whereE(1) is the energy of one cobalt atom andE(n) is
the Con chain energy, both energies are in ground state. Fig-
ure 2 showsEb in function of the inverse number of atoms
1/n for the cobalt chains in the easy axis. PlottingEb in
function of1/n allow us to represent the infinite cobalt chain
binding energy at cero. We fit the data with the best straight
line using the least squares method [25]. The line equation is
f(1/n) = −1.9759+0.9688(1/n), the value that is predicted
for an infinite chain(n →∞) is −1.97 eV, it is the same
value we calculated with VASP for the infinite chain bind-
ing energy. For small chains the fluctuations are not small
with respect to the best straight line, this is because dimers
and trimers are very different compared to an infinite chain
and finite size effects are expected. While the chain is get-
ting longer the fluctuations decrease, this shows a transition
from the finite size chain to the infinite one. Only Co2 and

FIGURE 3. Calculated spinS and orbital momentL of the cen-
tral (most symmetric) atom in Con (n=1,. . . ,10) chains for the easy
axis. The dashed lines at 2.23 and 0.156 represent theS andL
values for the infinite chain.

Co4 chains have an easy axis inZ. All the Con chains with
n ≥ 5 have an easy axis inX in agreement with the infinite
chain that also has the same easy axis.

3.2. Spin and orbital magnetic moments

The results of the spin momentS and orbital momentL in the
easy axis for the central most symmetric atom in the cobalt
chains are shown in Fig. 3. The upper graph shows the spin
momentS in function of the length chainn, the dashed line
at 2.23 is the spin momentS for an infinite linear chain. The
single cobalt atom has the highest spin moment (2.4 µB), it
is around10% higher than the corresponding infinite chain
(2.23 µB). On the other hand, the dimer Co2 has the small-
estS value (1.96 µB). We notice thatS fluctuates near the
infinite chain spin moment and these fluctuations become
smaller when the chain grows, for example the difference
between the Co9 central atom spin moment and the infinite
chain is less than0.02 µB . The behavior of the central atom
spin momentS in Fig. 3 is similar to the behavior ofSz for
Con chains deposited on Pt [10], in both cases fluctuations
are high for small chains but decrease for the large ones, also
the limiting value whenn → ∞ is similar,S = 2.23 µB for
free standing chains andSz = 2.1 µB for cobalt chains on
Pt.

The lower graph of Fig. 3 shows the orbital momentL of
the central atom in the cobalt chain in function of the length
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FIGURE 4. Spin moment of each atom in the chain in the easy axis.
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FIGURE 5. Magnetic orbital moment of each atom in the chain in the easy axis.
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chainn, the dashed line al 0.156 is the orbital momentL for
an infinite linear chain. First we notice that the single atom
orbital momentL = 0.39 µB is more than the double of the
infinite chain. The central atom orbital moment decreases
with an increasing number of atoms forming the chain and
stabilize very fast. The orbital moment fluctuates just a little
in Con chains withn > 4, for example the orbital moment
for Co8, Co9 and Co10 areL = 0.152 µB , L = 0.157 µB

andL = 0.149 µB respectively. The three values are near
to the infinite chain orbital momentL = 0.156 µB . It is in-
teresting to notice that the same behavior (not the values) is
found for cobalt chains on Pt(111) [10], small chains have
highL values but decrease as the chain is getting longer. For
example the Con chains withn = 8, 9, 10 on Pt(111) have
almost the sameL value (0.35 µB), it is a little bit more than
the double of our result. The difference is because we are
using freestanding chains meanwhile in [10] are using cobalt
chains deposited on Pt.

The spin momentS of each atom forming the chain is
shown in Fig. 4. We notice that the spin moments at the end
of the chains for (n=1,2,. . . ,10) are higher that those in the
middle of the chains.. Also the distribution of the spins be-
comes flat as the chain grows, except for Co9 that has a small
peak in the middle. The single cobalt atom has the highest
spin momentS = 2.4 µB and the chain with the lowest val-
ues is Co2 with a spin momentS = 1.96 µB per atom, the
other chains belong to this interval. Figure 5 shows the orbital
moment of each atom forming the chain. For Co1 and Co2 the
orbital moment is nearL = 0.4 µB and they are the chains
with the highest values. For long chains the orbital moment
has a tendency to become uniform. Comparing Fig. 4 and
Fig. 5 we notice that the fluctuations of the orbital moment
L are higher than the spin momentS fluctuations. A careful
inspection of Fig. 3 shows that the central atom spin moment
fluctuates around a value that is a little bit below the infinite
chain spin moment, the reason is the central atom most of the
times takes the smallestS value in the chain as we can see in
Fig. 4.

4. Magnetic Anisotropy

We investigated the magnetic anisotropy energy, this is a
very important characteristic in magnetic materials because
it gives the magnetic moments orientation in the system
and determines the stability of the magnetization direction
with respect to external fields. We computed the magnetic
anisotropy energy of cobalt chains betweenX axis andZ
axis and we define the MAE as the energy difference between
X andZ axis, thus positive and negative values are posible.
Figure 6 shows the MAE per atom in function of1/n, in this
case there is not a linear scaling, actually it is very irregu-
lar but apparently it decreases for long chains. For the Con

chains with (2 ≤ n ≤ 5) the fluctuations of the MAE are
high, but for cobalt chains longer than C4, the MAE per atom
tends to decrease (in absolute value) towards the MAE per
atom of the infinite cobalt chain. Co5 has increased the size

FIGURE 6. Upper graph shows the magnetic anisotropy energy per
atom in function of1/n. Lower graph shows the difference of the
orbital moment∆L between theX andZ axis.

of the MAE with a value of -7.9 meV suggesting that it could
have applications in ultrahigh density magnetic memories
and hard disk. The lowest value is for Co3 with -0.6 meV,
it is a little bit higher (in absolute value) than the MAE for
the infinite linear chain, 0.45 meV.

The lower graph in Fig. 6 shows the difference of the or-
bital moment∆L between theX andZ axis. We investi-
gated the validity of Bruno Model in cobalt chains. Bruno
Model relates the difference of the orbital moment in the
hard and easy axis with the MAE [26,27]. An inspection of
Fig. 6 shows that there is no relationship between the MAE
and∆L, thus Bruno model cannot be applied in finite lin-
ear cobalt chains. In Co9 and Co10, both MAE and∆L de-
creases, maybe for longer chains there is a relationship and
Bruno model could be applied, we will investigate it later.

5. Conclusions

We studied the ground state magnetic properties of Con lin-
ear atomic chains with1 ≤ n ≤ 10, we found a linear scaling
between the binding energy per atom and the inverse of the
number of atoms in the chain. We found a dimerization effect
in the chains, it is reduced in the center of big chains but holds
at the ends. In the study of magnetic moments we showed
the spinS and orbitalL moments have a tendency to become
uniform in large chains. An outstanding 8 meV magnetic
anisotropy energy was found for Co5, it suggests applications
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in ultrahigh density magnetic memories and hard disk. Inves-
tigating the MAE and∆L we did no find evidence that Bruno
Model works in finite linear Con chains with (1 ≤ n ≤ 10).
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