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Abstract Ab initio simulations are used to investigate

the magnetic and electronic properties of freestanding

Fe(1-x)Mx (M = Co/Ni) nanowires. The stability of the

nanowires increases with Co (Ni) addition, as seen from

the increase in cohesive energy. With the addition of Co

(Ni), the average magnetic moment shows a monotonic

decrease, in contrast to the Slater–Pauling behavior

observed in bulk Fe–Co/Ni alloys. The magnetic anisot-

ropy energy of the nanowire is observed to change sign,

from a parallel alignment of spins along the wire axis, to a

perpendicular alignment with the increase of Co and Ni

content. The magnetic anisotropy energy variation is seen

to be correlated with the orbital moment anisotropy. The

coercivity, as calculated using the Jacobs–Bean model is

observed to decrease with Co (Ni) addition to the nanowire.
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Introduction

The magnetic properties of nanowires, which are substan-

tially different from the bulk, can be tuned with changes in

diameter, aspect ratio and composition of the constituent

materials (Sellmyer and Skomski 2005; Mills and Bland

2006). For example, in the nanowire configuration, the

magnetic moment, magnetic anisotropy energy (MAE) and

coercivity are considerably enhanced—offering the poten-

tial of applications in magnetic recording and nanoscale

devices. Of particular interest is the variation of magnetic

properties of transition metal alloy nanowires—with

changes in composition. A variety of experimental studies

on the magnetic properties of Fe–Co (Qin et al. 2003; Lee

et al. 2003; Chen et al. 2003; Zhan et al. 2002) and Fe–Ni

(Kashi et al. 2010; Liu et al. 2005) nanowires have been

carried out. While all these studies point to the improved

magnetic properties, since these are experiments on nano-

wires of different diameter, and prepared by different

methods, an unambiguous systematic on the trends in the

variation of magnetic properties with composition is yet to

emerge.

On the theoretical front too, there have been several

investigations (Jo et al. 2005; Jo 2009; Tung and Guo 2007;

Hong and Wu 2003; Lazarovits et al. 2003; Kishi et al.

2004; Sabirianov 2006) focusing on the magnetic proper-

ties of transition metal nanowires. For example, Tung and

Guo (2007) investigated the magnetic and electronic

structure of 3d transition metal atomic chains, linear and

zig-zag, using ab initio techniques and they observed

magnetic moment and MAE enhancement in Fe, Co and

Ni nanowire from that of the corresponding bulk value.

Binding energy, magnetic moments and coercivity of

Fe1-xCox alloy nanowires with bcc (001) orientation have

been carried out using ab initio simulations (Jo et al. 2005;

Jo 2009) to show that the coercivity and magnetic moments

are enhanced from the bulk alloy values.

In the present study, we report a systematic study on the

compositional variation of cohesive energy, magnetic

moment, and magnetic anisotropy energy in Fe(1-x)Cox and

Fe(1-x)Nix nanowires using first principles simulations.

All the calculations have been performed for bcc (110)
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oriented nanowires following the experimental results that,

Fe(1-x)Cox and Fe(1-x)Nix nanowires prefer bcc (110) ori-

entation (Chen et al. 2003; Lee et al. 2003; Liu et al. 2005;

Qin et al. 2003; Yue et al. 2009a, b; Zhan et al. 2002). We

have seen that the cohesive energy of the nanowires

increase with Co (Ni) content. The values of magnetic

moments calculated using spin-polarized calculations

indicate a monotonic decrease with Co (Ni) content, which

is at variance with the well-known Slater–Pauling behavior

seen in bulk alloys (Bozorth 1951; Soderlind et al. 1992).

The paper also addresses the issue of variation of magnetic

anisotropy energy with composition using non-collinear

calculations (Marsman and Hafner 2002) and correlated

with anisotropy of orbital moment (Bruno 1989).

Calculational details

The freestanding isolated nanowires are constructed by

periodic repetition of a supercell made up of bcc (110)

atomic planes stacked along the Z-direction. Periodic

boundary conditions are assumed along the Z-direction and

a vacuum region of 15 Å is used in the X and Y directions

to ensure negligible interaction between the images. The a,

b and c lattice parameters of the unit cell is defined as,

a ¼
ffiffiffiffiffiffiffi

2ð Þ
p

� a0, b = a0 and c = 2a0, in accordance with

bcc (110) planes. The value of a0 is taken as 2.866 Å,

which is the bulk bcc Fe lattice parameter. The alloying of

Fe and Co/Ni atoms in the Fe(1-x)Cox and Fe(1-x)Nix
(where x = 0–1) nanowires are done randomly to generate

the various compositions. The calculations are performed

within the framework of density functional theory, as

implemented in the VASP package (Kresse and Furth-

muller 1996). The projector-augmented wave method

(PAW) is used to describe the electron–ion interactions

(Kresse and Joubert 1999). The PW91, which is a semi-

local functional in the generalized gradient approximation

(GGA) is used to describe the electronic exchange and

correlation (Perdew and Wang 1992). Structural optimi-

zation of the Fe(1-x)Cox and Fe(1-x)Nix nanowires are

carried out employing the conjugate gradient algorithm as

implemented in VASP. Optimization runs are stopped

when the Hellmann–Feynman forces become smaller than

10 meV/Å and the total energies of nanowires are calcu-

lated within a tolerance of 10-7 eV. For the Brillouin zone

integration 2 9 2 9 20 Monkhorst–Pack k-point grid is

used (Monkhorst and Pack 1976). A plane wave cut-off

energy of 450 eV is used for the plane waves included in

the basis set. Spin-polarized calculations to get the mag-

netic properties are described using the spin interpolation

proposed by Vosko et al. (1980). The tetrahedron method

with Blochl corrections is used for the DOS calculations

(Blochl et al. 1994). Spin–orbit coupling scheme used is

that of Kresse and Lebacq as implemented in the VASP.

The non-collinear calculations are performed using the

prescription by Hobbs et al. (2000) and Marsman and

Hafner (2002). The magnetic anisotropic energy (MAE) is

obtained from the difference in total energies correspond-

ing to the parallel and perpendicular orientation of the

magnetization with respect to the axis of the nanowire. The

calculations for the MAE are performed in two steps. A

collinear scalar relativistic calculation was done initially

and the ground state that resulted out of this calculation is

used to initialize the noncollinear calculation including

spin–orbit coupling (Marsman and Hafner 2002). Orbital

magnetic moments are calculated directly from the wave

functions as the expectation value of the components for

the angular momentum operator along the direction of

magnetization.

Cohesive energy

The nanowires constructed using the supercell technique

are subjected to structural optimization and Fe(1-x)Mx

nanowire corresponding to x = 0.5 is shown in the inset of

Fig. 1. In order to study the stability of these nanowires

with respect to the change in composition, we have cal-

culated the cohesive energy/atom and which is defined as:

EC ¼ �Etotal þ nFeEFe þ nMEMð Þ
nFe þ nMð Þ ð1Þ

c

b

Fig. 1 The cohesive energy of Fe(1-x)Cox and Fe(1-x)Nix nanowires

as a function of composition. The bulk cohesive energy values of bcc

Fe, hcp Co and fcc Ni are 4.78, 4.88 and 4.52 eV, respectively, as

calculated by GGA–PBE potentials (from Philipsen and Baerends

1996) are shown in the table inside the plot. The individual nanowires

of Fe, Co and Ni shows less stability than the bulk counterparts, the

increase in cohesive energy at high concentrations of Co and Ni

indicate that stability of nanowires increase with respect to Co and Ni

alloying. The inset shows the structure of Fe(1-x)Mx nanowire with

x = 0.5
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where M = Co or Ni, EFe is the energy corresponding to a

free Fe atom, and EM is that of a Co or Ni atom. The free

atom energies are calculated by the cubic box supercell

approach with the cell size of 10 Å. Etotal is the total energy

corresponding to the Fe(1-x)Cox or Fe(1-x)Nix nanowires

consisting of nFe or nM atoms, respectively. The calculated

values of the cohesive energies are shown in Fig. 1. For

comparison, the cohesive energy for bulk Fe, Co and Ni are

4.78, 4.88 and 4.52 eV, as calculated using GGA–PBE

potentials (Philipsen and Baerends 1996), are indicated

inside the table in the Fig 1. It is noted that the cohesive

energies of pure Fe, Co and Ni nanowires, viz., 4.03, 4.38

and 4.28 eV, respectively, are smaller than that of bulk

counterparts. This is reasonable as nanowires, having more

exposed surface atoms are having low coordination number

compared to bulk, which in turn reduces the cohesive

energy. Further, it is seen from Fig. 1 that there is a sys-

tematic increase in the cohesive energy of Fe–Co/Ni alloy

nanowires with the addition of Co and Ni. The binding

energy of Fe–Co nanowire calculated by Jo (2009) follows

the same trend, viz., an increase with Co content. The

values calculated by Jo (2009) are slightly lower, viz.,

-3.0 eV, and this may be related to the fact that their

calculations are for nanowires with bcc (001) orientation,

as against (110) in our case. It must be emphasized that in

the present calculations we have only considered nano-

wires with bcc (110) orientation, and any possible change

in the structure with composition has not been considered.

The experimental studies on Fe(1-x)Cox and Fe(1-x)Nix
nanowires showed bcc (110) orientation for these nano-

wires for a large concentration range of Fe, and the

structural change occur at very high concentrations (above

80%) of Co or Ni. (Chen et al. 2003; Lee et al. 2003; Liu

et al. 2003; Yue et al. 2009a, b; Zhan et al. 2002). Further

there is a study which reports no change in structure and

the Fe(1-x)Cox nanowire showed bcc (110) for the entire

concentration range (Qin et al. 2003). Our choice of bcc

(110) orientation for the nanowires was dictated from the

above mentioned experimental results.

Magnetic moments

To study the magnetic moments, we have performed spin-

polarized calculations for various compositions (x = 0–1)

of the Fe(1-x)Cox and Fe(1-x)Nix nanowires, and these

results are shown in Fig. 2. The average magnetic moments

(Ms) are calculated as Ms = xSM ? (1 - x)SFe where SFe

and SM are the individual spin magnetic moment of Fe and

Co/Ni, respectively. The spin moments of Fe, Co and Ni in

the nanowire configuration are seen to be 2.6, 1.8 and

0.8 lB, respectively, as compared to their bulk values of

2.2, 1.72 and 0.6 lB (Stearns 1986). It can be seen that the

magnetic moment of Fe nanowire is enhanced considerably

compared to the bulk value, whereas that of Co and Ni

nanowires do not show significant enhancement. A similar

trend of increase in magnetic moment of Fe nanowire and

bulk-like value for Co and Ni nanowire is also seen by

Kishi et al. (2004) and explained on the basis of changes in

electronic structure due to the narrowing of bands. Now

turning to the compositional variation of magnetic

moments of the nanowire, we have seen that the average

magnetic moments of the alloy nanowires show a mono-

tonic decrease, as compared to the well-known dome-

shaped Slater–Pauling curve (Bozorth 1951; Soderlind

et al. 1992) seen in bulk alloys. Similar results from

deviation of Slater–Pauling behavior is observed in

Fe(1-x)Cox nanowires by Jo (2009), as also in the studies by

Moulas et al. (2008) in FexCo(1-x) monolayers in their first

principles study. Magnetic circular dichroism study by

Wills and Gilman (2005) on ‘‘surface sensitive’’ magnetic

moment in binary alloys of transition metals also shows a

linear variation with composition as seen in Fig. 2.

The observed monotonic decrease in magnetic moment

with the addition of Co/Ni can be understood from the

changes in band filling. In Fig. 3 are shown the spin-

polarized density of states (DOS) and integrated density of

states for Fe17Co1 and Fe13Co5 nanowires, which corre-

spond to low Co content, wherein the magnetization

deviates from the Slater–Pauling curve. It can be seen from

Fig. 2 The average spin magnetic moment of Fe(1-x)Cox and

Fe(1-x)Nix alloy nanowires along with the corresponding Slater–

Pauling curve (shown in the inset; data taken from Bozorth 1951) for

bulk Fe–Co and Fe–Ni alloys. It can be seen that for both the

nanowires, the magnetic moment falls with composition, showing

deviation from Slater–Pauling behavior
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the integrated DOS plots that an increase in Co concen-

tration results in a decrease in the majority spin occupation

and an increase in the minority spin occupation, leading to

a decrease in magnetic moment. This is different from the

case of bulk alloy, wherein the initial electrons populate the

up-spin states and only beyond 30% of Co, the down-spin

Fig. 3 The density of states

(DOS) and integrated DOS for

the Fe(1-x)Cox nanowires for

two different compositions.

Spin-up and spin-down DOS are

plotted with solid and dashed
lines, respectively. It can be

seen that the DOS and

integrated DOS vary with the

change in composition of the

nanowires. The reduction in

magnetic moment with the

change in composition can be

understood from the difference

between the spin-up and spin-

down integrated DOS

Fig. 4 The density of states

(DOS) and integrated DOS for

the Fe(1-x)Nix nanowires for

two different compositions.

Spin-up and spin-down DOS are

plotted with solid and dashed
lines, respectively. It can be

seen that the DOS and

integrated DOS vary with the

change in composition of the

nanowires. The reduction in

magnetic moment with the

change in composition can be

understood from the difference

between the spin-up and spin-

down integrated DOS
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states begin to be occupied. The DOS calculations for the

Fe(1-x)Nix nanowires is also carried out and the results for

two specific compositions (Fe17Ni1 and Fe11Ni7) are shown

in Fig. 4. It can be seen from the DOS and integrated DOS

plots that the spin-up population is not significantly altered,

while the spin-down population significantly increases,

causing the magnetic moment to decrease with the addition

of Ni.

Magnetic anisotropy energy

The magnetic moments in a magnetic system often align

along certain preferred direction with respect to the crys-

talline axes called the easy axis. The magneto-crystalline

anisotropy energy, often referred as magnetic anisotropy

energy (MAE) is the energy required to rotate the orien-

tation of magnetic moments from easy axis to hard axis. It

is already well known that for transition metal nanowires

the shape anisotropy is negligibly small compared to the

MAE, which arises from the spin–orbit coupling interac-

tions (Tung and Guo 2007). First principles studies have

shown that MAE as large as 0.1 meV/atom is obtained for

Co monatomic wires (Hong and Wu 2003). MAE of the

order of 0.2 meV/Fe atom and 0.1 meV/Co and Ni atoms

are also shown in nanowires of Fe, Co and Ni in first

principles LSDA calculations (Luo et al. 2009). The

observation of large MAE compared to the corresponding

bulk counterparts in the nanowires can be related to the

occurrence of increased orbital moments as pointed out by

Bruno (1989). We have included the relativistic spin–orbit

coupling in our calculations to calculate the MAE and

orbital moments of the nanowires for all the compositions

studied. Separate simulations are carried out with atomic

spins oriented along the nanowire axis (Z-axis), and also

along the perpendicular direction (X-axis).

We define the MAE as, MAE = Ek - E\, where Ek is

the total energy of the nanowire, when all the magnetic

moments are aligned along the axis of the nanowire

(Z-axis). E\ is the total energy, corresponding to magne-

tization oriented along the X-axis. A positive MAE means

that the magnetization prefers to lie along the nanowire

axis (Z-direction) and a negative MAE indicates that a

perpendicular anisotropy is preferred, i.e., the magnetic

moments prefer to lie perpendicular to the nanowire

axis (X-axis). The calculated MAE for the Fe(1-x)Cox and

Fe(1-x)Nix nanowires with the change in composition is

shown in the Fig. 5. First we note that the MAE of the

nanowires are larger than that of the bulk counterparts, as

has been already observed in earlier studies (Hong and Wu

2003; Hong 2006; Luo et al. 2009). The MAE values for

Fe, Co and Ni nanowires, as obtained from our study are

about 0.1, -0.04, and -0.21 meV/atom, which are larger

than the corresponding values for bulk Fe (1.4 leV), Co

(45 leV) and Ni (-2.7 leV) (Stearns 1986). Further it is

seen from Fig. 5 that the sign of MAE and consequently

the easy axis of magnetization changes with the change in

composition of nanowire. The easy axis of magnetization

switches from along the wire for pure Fe to the perpen-

dicular axis with the increase in number of Co and Ni

atoms. First principles calculations on Fe linear chains

using FLAPW method also showed a preference of chain

axis as the easy axis (Hong 2006). The observation of per-

pendicular magnetic anisotropy in Co nanowires is reported

by Sabirianov (2006). The change in magnetization direction

in Fe–Co nanowires with the change in Co concentration is

observed in different studies (Yue et al. 2009a, b; Qin et al.

2003). A correlation between the MAE and the anisotropy in

orbital moment was suggested by Bruno (1989). Following

this, we have evaluated the orbital moment anisotropy

(DmL), defined as DmL = mLk - mL\, where mLk and mL\

are the orbital moments calculated along the easy (mLk) and

hard axes (mL\) of magnetization for all the compositions. A

plot of MAE versus the orbital moment anisotropy is shown

in Fig. 6. It can be seen that the MAE and orbital moment

anisotropy show a strong correlation as suggested by Bruno

(1989).

Coercivity

Apart from the magnetic moments and magnetic anisotropy

energy, an important magnetic property is the coercivity.

By changing the alloy composition, the coercivity of the

alloy nanowires can be tuned to suit for application pur-

poses. The coercivity of the nanowires were estimated by

Fig. 5 The variation of MAE with the change in composition of the

nanowires. The lines are guide to the eyes. It is seen that the MAE

becomes negative with increase in x, indicating that easy axis of

nanowire change from along the axis of the wire to a perpendicular

axis
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treating the nanowires as a chain of prolate ellipsoids of the

same size and the magnetization reversal process of these

ellipsoids is described by the symmetric fanning reversal

mechanism (Jacobs and Bean 1955; Chen et al. 2003). The

coercivity (Hc,m) of the nanowires are calculated by the

following formula (Chen et al. 2003).

Hc;m ¼ 1

a2
P 6Mm þ 2Lmð ÞMs

6
þ 4P N? � NPð ÞMs: ð2Þ

Here a = b/a is the aspect ratio of the ellipsoid and n is

the aspect ratio of the nanowire. We have taken n = 400

for our calculations (Jo et al. 2005). We have carried out

calculations by varying the value of n and seen that the

coercivity of the nanowire, calculated within the

framework of the chain of ellipsoids model, increases

initially with the aspect ratio of the nanowire, and saturates

beyond 400, similar to the trend observed by Chen et al.

(2003). Ms is the saturation magnetization of the nanowires

and N\ and Nk are the demagnetization factors of the

ellipsoid, perpendicular and parallel to the axis of the

nanowires which depend only on the aspect ratio a of

the ellipsoid. The lattice parameters of the bcc (110)

oriented nanowire investigated in the present study are

a = 4.053 Å, b = 2.866 Å and c = 5.7319 Å. For a chain

of ellipsoid model for the nanowire, an ellipsoid with

a = b = 5.7319 Å and c = 4.053 Å was used in our

calculations. The calculated coercivity for the Fe(1-x)Cox

and Fe(1-x)Nix nanowires are shown in Fig. 7. It can be noted

from the figure that the coercivity for the pure Fe, Co and Ni

nanowires are about 2,700, 1,800 and 800 Oe, respectively,

which are larger than that of bulk values (Fe *2 Oe, Co

*10 Oe, Ni *0.7 Oe). It is seen that the coercivity

decreases linearly with the increase in composition of Co

and Ni. This linear reduction in coercivity with the increase

in x is same as the change in magnetization of the nanowires.

Experimental and theoretical investigations on the coercivity

of Fe–Co nanowire have been carried out by Chen et al.

(2003) and Zhan et al. (2002). Similar studies on Fe(1-x)Nix
nanowires have been carried out by Liu et al. (2005). Studies

on 20 nm Fe–Co nanowire indicate that the coercivity

increases from 2,400 to 2,800 Oe at 30% Co content,

afterwards it decreases, following the trend shown by

magnetization. Coercivity calculations, using the chain of

spheres model with symmetric fanning, have been carried

out with bulk magnetization values for alloys, to account for

these experimental observations (Chen et al. 2003; Zhan

et al. 2002). In our case, we have used the calculated

magnetic moment of the nanowire (cf. Fig. 2), which shows

a linear reduction with composition. Since the coercivity

is linearly proportional to the saturation magnetization

(Eq. 2), this may account for the linear trend in coercivity as

seen in Fig. 7. This calls for further experiments on the

magnetization and coercivity of narrower nanowires.

Conclusion

In this work, we have calculated the compositional varia-

tion of cohesive energy, average magnetic moment, mag-

netic anisotropy and coercivity for Fe(1-x)Mx (M = Co,

Ni) nanowires with bcc (110) orientation, using ab initio

simulation methods. With the addition of Co (Ni) the

cohesive energy is seen to increase while the magnetic

moment and coercivity decreases. The monotonic variation

of magnetic moment with composition is at variance with

the Slater–Pauling curve seen in bulk alloys. Interestingly,

the MAE for nanowires is seen to change sign with com-

position. The lower Co (Ni) content prefers the parallel

alignment of spins along the wire axis, whereas at higher

composition, a perpendicular alignment is preferred. The

Fig. 6 The MAE versus anisotropy of orbital moments (DmL). Lines
are guide to the eyes. The orbital moments calculated along the easy

and hard axes of magnetization are different in magnitude and this

anisotropy of orbital moments give rise to the MAE

Fig. 7 The coercivity for Fe(1-x)Mx nanowires calculated using the

model of Jacobs and Bean (1955). It is seen that the coercivity

linearly decreases with the increase in x and hence follows the trend

shown by the magnetization of the nanowires
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variation in MAE, which is determined by the spin–orbit

interaction, is seen to be correlated with the anisotropy in

the orbital moment. The observed trends in cohesive

energy, magnetic moment, coercivity and MAE, with

varying composition can be exploited in the design of

nanowires for applications.
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