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We have investigated the electronic structures and magnetic properties of free-standilmfamowires
by density functional theory (DFT) calculations using ultrasoft pseudopotential plane wave method. We
have considered the free-standing;FgCo nanowires with centered-staggered triangle and square
structures. The optimized lattice constants obtained by total energy calculation are slightly longer than
those of the experimental results and the variation of magnetic moments with Co concentration is similar
to the Slater-Pauling curve. The spin-polarized density of states (DOS»eE&e nanowire reveals a
nearly half-metallic character. We have found the coercivity estimated by the chain-of-spheres model is
consistent with the experimental results for&&o nanowire arrays fabricated in porous templates.

Introduction spectively) of Fg,Co, nanowires within nanopores have
. . . . peak aroundk = 0.8 and decrease slowly with decreasing
Ferromagnetic nanowires and their arrays are attracting 8Co concentrations.For the Co concentrations aboxe=
great deal of interest because of their potential applicationso_g, the hexagonal close packing (hcp) structures are formed

n magnec;uc sensorts, mem_lf)r:y dewce;s, spln(tjromcdndantode-in templates and the coercivity drops down rapidly. When
vices, and energy storage’ They are also good candidates the applied field is perpendicular to the easy axis along the

for giant ma?netoreasltzn;:e (G_MR) ln_1|ater|al§”\]/wthout th? wire length, the coercivity and squareness ratio are much
occurrence o str;:ctur:;:_ ﬁ :cts nmu A ?lers.b.l_ N magnenc lower than those for the external field parallel to the nanowire
nanowire arrays have high-density recording ability In €xcess , . ov.o - in et aldiscussed that the results come from the

OT 100 Gbr I In partlpular, Fe-rich nanowire alloys W'th. decrease of spontaneous magnetization and anisotropy along
high coercivity are widely used to control the magnetic nanowire arrays

properties of recording media by varying the concentration. o oo rcivity and squareness ratio are determined by the
The parallel Fg-yCo, nanowire arrays were synthesized agnetization reversal process. According to Stedohl-
along the step edges on a W(110) substtatéie Curie tarih modek the magnetization of nanowire remains coherent
temperature of these nanowire arrays rqpldly decreases at throughout the magnet and their magnetism is mainly
= 0.35 and a ferromagnetic easy axis exists betew0.35. influenced by shape anisotropy. In this case, the coercivity
In general, highly ordered FeCo nanowire arrays are s |inear with the spontaneous magnetizatibly and is
produced by electrodeposition into porous templétéIhe estimated by the magnitude bk Jacobs and Bean proposed
magnetic properties usually vary with the nanowire diameter, o chain-of-spheres model with two reversal mechanisms,
length, and interwire distance, which are easily controlled ; ¢ the parallel rotation and symmetric fanning mecharfism.
by electro_chemical parameters. Qin et al. have observed that|n this model, the nanowire is modeled as a chain of single
the coercivity and squareness ratMd/Ms, whereMr and  gpheres, which is considered as a single domain without
Ms indicate remanent and spontaneous magnetization, ré-gychange interaction between adjacent spheres. Chen et al.
have found the coercivity obtained by the chain-of-spheres
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Figure 2. Binding energies of ke xCox nanowires with centered-staggered
triangle and square structures. The filled and open circles indicate the Fe
Co nanowires with centered-staggered square and triangle structures,
respectively.

Figure 1. Some Fg-4Co, nanowires with centered-staggered triangle and
square structures (black ball for Fe atom and gray ball for Co atom). The
“w” denotes wire length along-axis. The “c”c and “p” indicate central

atom and planar atom, respectively. . . . . . .
P P Y The stability of nanowires with Co concentrations is determined

is relatively low. Recently, the free-standingF@o and oM the binding energy,) defined by

Fe—Cr nanocluster wire (NCW) bundles were synthesized E = (—E_+n “n /e +n 1
by a simple fabrication method using a resistive heater placed o= (7Bt + e+ NodFed/ (e + Moo @

in the middle of a pair of permanent disk magnétIhe where Ere and Ec, are the self-energy of Fe and Co atoms,
Fe-Co NCWs have body-centered cubic (bcc) structure respectively. TheE,, means total energy of FeCo nanowire

below 89 Co mol %. consisting ofnge andng, atoms.
In this study, we obtained the possible structures of free- _ _
standing ultrathin FeCo nanowires by DFT calculation. We Results and Discussion

also calculated the electronic structure, magnetic moment, We show that the binding energies of-F@0 nanowires

spin polarization, and coercivity of F&Co nanowires. The i cantered-staggered triangle structure are about 0.4 eV
calculated lattice constants and coercivity are compared with lower than those of nanowires with centered-staggered square
previous experimental results. We showed that free-standingg cyyre (Figure 2). The binding energies overall increase
Feu—9Co, nanowire at = 0.2 has high magnetic moment, iy, increasing Co concentrations. For-R@o nanowires
half-metallic spin polarization, and high coercivity. with centered-staggered square structure, the especial stabili-
ties are found at = 0.2, 0.6, and 0.9, and the binding energy
Methods atx = 0.9 is maximum.

We investigated, using the Vienna Ab Initio Simulation Program From the fully rgla_xed struptures of freyCox nanowlre_s,
(VASP) codel? the possible structures and the magnetic properties we f_ognd th? variation of wire '9”9”‘5 along taaxis is
of free-standing ultrathin FeCo nanowires with a variety of Co ~ Negligible with the Co concentration. We compared the
concentrations. The VASP code is based on DFT using the ultrasoftcalculated lattice constants of F€o nanowires with
pseudopotential plane wave method. We considered free-standingexperimental results (Figure 3). The calculated lattice
Fe1-xCoc nanowires with centered-staggered triangle and square constants of FeCo nanowires with centered-staggered
structures (Figure 1), which are similar to the stable structures of square structure are slightly longer than experimental values.
Fe nanowired? Spin-polarized calculations are performed in order The experimental lattice constants rapidly decrease=at
to obtain magnetic moments and spin polarization. We also g 2 and slowly increase with increasing Co concentraion,
calculated the coercivity using the chain-of-spheres model with while the calculated values for bce F€o bulks gradually
symmetric fanning mechanism and compared with the experimentalgo down fromx = 0.215 We found that there is a common

values*®’ The total energy and electronic structure calculations - iChD .
have been carried out within the generalized gradient approximation feature that the lattice constant§ of Fe_”ChT nanowires
are longer than those of Co-rich nanowires. Actually the

(GGA). We used 2« 2 x 10k-points meshes in Monkhorst-Pack : ¢
scheme. The energy cutoff of the plane wave basis set is taken toX-ray diffraction (XRD) spectrometer patterns show the
be 270 eV and the total energies of nanowires are converged tostructures of FeCo NCWs change from the bcc structure
1072 eV. We optimized geometries until the atomic force is less Of Fe nanoclusters to the face-centered cubic (fcc) structure
than 0.01 eV/A. To check the reasonability of our results, we have of Co nanocluster¥, like the FeCo binary nanoclusters and
been compared the calculated magnetic moment for bee bulk Fethe bulk alloy. However, the structures of our -Héo

with experimental values. The calculated magnetic moment for bcc nanowires maintain centered-staggered square for all Co
bulk Fe, 2.23g/atom, is almost the same as that from experiffent.  concentrations, which is similar to the bcc structure. The

(11) Lee, G. H.; Huh, S. H.; Jeong, J. W.; Kim, S. H.; Choi, B. J.; Ri, H. (14) Ziese, M., Thornton, M. J., EdSpin ElectronicsSpringer: New York,
C.; Kim, B.; Park, J. HJ. Appl. Phys2003 94, 4179. 2001.

(12) Kresse, G.; Joubert, Phys. Re. B 1999 59, 1758. (15) Pearson, W. BA Handbook of Lattice Spacings and Structure of

(13) Jo, C.; Lee, J. IPhys. Status Solidi B004 241, 1427. Metals and AlloysPergamon Press: New York, 1958.
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Figure 3. The lattice constants of fexCox nanowires with centered-
staggered square structure (filled circle). The experimental results of free-
standing Fe-Co nanowires with bcc structure are shown by open ditcle
and the calculated values for bcc-F&o bulk alloys at room temperature
are indicated by open squafe.
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Figure 4. The calculated magnetic moments o{iFgCo, nanowires with
centered-staggered triangle (filled triangle) and square structure (filled
circle). Open square denotes the Slater-Pauling ctfrve.

calculated lattice constants of F€o nanowires with
centered-staggered triangle structure have 3.38 A for all Co
concentrations, which shows the centered-staggered triangl
structure is unfavorable for F&Co nanowires.

We have obtained the magnetic moments of-Ee

nanowires with centered-staggered triangle and square®'® ©

structures (Figure 4). For Fe&Co nanowire with centered-
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Figure 5. Spin polarization of free-standing freyCox nanowires with
centered-staggered square structure.
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Fe—Co nanowires change from bcc to fcc for high Co
concentratiort! The structures of nanowires geometrically
depend on the central atoms in the-f&o nanowires (Figure

1). We found the magnetic moment of centered-staggered
square Fe-Co nanowire is about 20% larger than that of
staggered square nanowires without the central atoms. The
central atoms are thus considered to play an important role
in the structural change and the increase of the magnetic
moment for Fe-Co nanowires. For the F&Co nanowires
with centered-staggered triangle and square structures, the
whole trend of their magnetic moments is similar to that of
Fe—Co bulk alloys. We see that the magnetic moments
depend mainly on the Co concentration regardless of
nanowire shape.

We found that the density of states (DOS) at Fermi level
for majority spin decreases as the Co concentration increases,
which induces the enhanced spin polarization. The enhance-
ment of spin polarization is important for spin-dependent
electronic transport. According to Julliere’s modelthe
magnitude of tunneling magnetoresistance (TMR) ratio
depends on spin polarization. The spin polarization is
obtained throughP = (o1 — p1)/(py + p1), where pr (o))

depresents the DOS of majority (minority) spin at Fermi level.

The spin polarizations for FeCo nanowires are shown in

Figure 5. The spin polarizations of pure Fe and Co nanowires
6% and 86%, respectively, while bcc Fe bulk (64%)
has higher spin polarization compared with the value of fcc

staggered square structure, the highest magnetic momenf© Pulk (59%) in our calculation. We find bgCo2

appears near= 0.2 and gradually decreases with increasing
Co concentration. We find that the magnetic moments of
Feu1-xCo nanowires in the range of = 0.1-0.2 are 2.75
usl/atom, which is 0.35ug/atom larger than the highest
magnetic moment of FeCo bulk alloys. In general, the
magnitude of the magnetic moment is affected by the

nanowire has the highest spin polarization of 90% and reveals
a nearly half-metallic character.

The DOS of pure Fe and Co nanowires with centered-
staggered square structure are shown in Figure 6a. We found
that the majority spin d band of pure Co nanowire is entirely
occupied. The pure Co nanowire is a strong ferromagnet like

geometrical elements such as coordination number and bondUlk Co. The spd-orbital partial density of states (PDOS) of

length. We found the trend of the calculated magnetic
moments is similar to that of lattice constants. Thus, there
are plateaus in the range from 0.3 to 0.6 and from 0.7 to 1.0
due to the monotonic variation of lattice constants for Co
concentration. The Slater-Pauling curve for the-E® bulk
alloys presents a peak nea+ 0.35 and rapidly drops down
atx = 0.8 where the FeCo bulk alloys change from bcc to

Fe& sCoys nanowire are shown in Figure 6b. The d-orbital
PDOS of majority spin is almost occupied, and the d-orbital
PDOS of minority spin shifts upward by an exchange

splitting of about 0.8 eV. On the other hand, the charge

density isosurface of majority spin has almost sphere shape

(16) Barthi¢émy, A.; Fert, A.; Petroff, F.Handbook of Ferromagnetic
Materials North-Holland: Amsterdam, 1999.

fcc structuret® Experiment also found that the structures of (17) Julliere, M.Phys. Lett.1975 54A 225.
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Figure 6. (a) The DOS of pure Co (solid line) and of pure Fe (dotted line) nanowire. (b) The d- (solid line), p- (dashed line), and s-orbital (dotted line)
PDOS of FgsCays nanowire. The arrows indicate the PDOS peaks of the central atoms. The bonding charge density isosurface for (¢) majority and (d)
minority spin is formed at 0.413 and 0.006 &/Aespectively.

and a bonding is created along a nearest-neighbor distance —e— Symmetric fanning
of 2.31 A at the charge density of 0.413 &/@igure 6c). 4000 | T Zhan et al.
For minority spin, a bonding is formed on a wire length of —o—Cheneetal.

2.13 A at the charge density of 0.006 &/hith the oval
shape of isosurface (Figure 6d).

The chain-of-spheres model can be used to understand the;
magnetization reversal process for magnetic nanowires, -
which is considered to be a chain of single-domain spheres §
with uniaxial magnetic anisotropyin this model, the spheres ~ © 2000
are assumed to have no crystal anisotropy, and the shape
anisotropy of the chains is obtained from the arrangement
of the dipolar spheres. There are two reversal mechanisms 1000 : L ! ! : !
for the chain of spheres, which are simultaneous parallel 02 04 06 08 10
rotation of each of the dipole moments in the chain and X (cobalt concentration)
symmetric fanning mechanism. To obtain the coercivity for Figure 7. The calculated coercivity of e Co. nanowires as a function

. . . of Co concentration using the chains-of-spheres model in the symmetric
Feu-xCox nanowires, one has to determine the aspect ratio fanning (filled circle) mechanism. The values of calculated coercivity are
n (length/area) of the nanowire. Zhan et al. used the aspectcompared with experimental results of Zhan et'aRin et al.® and Chen
ratio of n ~ 375 for nanowire fabricated in porous anodic ©t 2’
alumina template$We set a slightly larger value & 400).
Figure 7 shows the calculated coercivity of EgCo
nanowires using the chain-of-spheres model with a symmetric
fanning magnetization reversal mechanism. The trend of
coercivity obtained by the symmetric fanning mechanism

3000 [

ity (Oe)

rciv

of Fe-rich Fe-Co nanowires are higher than those of
Fe—Co bulk alloys. The variation of magnetic moments are
mainly dependent on the Co concentration regardless of
nanowire shape, and the trend is similar to the lattice

agrees well with the experimental results for nanowire arrays constants varl_atlon._ The calculated lattice constants for
inserted in porous templates. We find the free-standing Fe Fe—Co nanowires with centered-staggered square structure
Co nanowires have high coercivity of about 2500 Oe which are consistent with the experimental results for the free-

is similar to the value of nanowire arrays combined in porous Standing Fe-Co nanowires. The pure Co nanowire has
templates. relatively large spin polarization, and the spin polarization

of Fe1—xCo atx = 0.2 is close to the half-metallic case.
The values of calculated coercivity are as high as experi-
mental results for FeCo nanowire arrays fabricated in
The possible structures of free-standing-l&® nanowires, porous templates. Our results suggest that free-standing
their electronic structure, and magnetic properties are Fe—Co nanowires with ferromagnetic character and high
investigated by DFT calculations. The magnetic moments coercivity are promising candidates for spin-dependent

Conclusions
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