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Self-Assembly in Nanostructures K. O’Grady, Chairman

Magnetic properties of self-assembled Co nanowires of varying length
and diameter

H. Zeng, M. Zheng, R. Skomski, and D. J. Sellmyer
Center for Materials Research and Analysis and Department of Physics and Astronomy,
University of Nebraska, Lincoln, Nebraska 68588

Y. Liu
Center for Materials Research and Analysis and Department of Mechanical Engineering,
University of Nebraska, Lincoln, Nebraska 68588

L. Menon and S. Bandyopadhyay
Center for Materials Research and Analysis and Department of Electrical Engineering,
University of Nebraska, Lincoln, Nebraska 68588

Ferromagnetic Co nanowires have been electrodeposited into self-assembled porous anodic alumina
arrays. Due to their cylindrical shape, the nanowires exhibit perpendicular anisotropy. The
coercivity, remanence ratio, and activation volumes of Co nanowires depend strongly on the length,
diameter, and spacing of the nanowires. Both coercivity and thermal activation volume increase
with increasing wire length, while for constant center-to-center spacing, coercivity decreases and
thermal activation volume increases with increasing wire diameter. The behavior of the nanowires
is explained qualitatively in terms of localized magnetization reversal2000 American Institute

of Physics[S0021-897@0)35208-2

I. INTRODUCTION widened while keeping the center-to-center distance fixed by
Ordered nanoarrays have received considerable attentiof orong the as-anodized template in phosphoric acid. The

due to the current interest in developing high density mag§1C electrodeposition was carried out at 20 V, 150 Hz, using

netic recording media.Self-assembly is a promising tech- an eﬁ?ﬂﬁ;ﬁ?ﬁi}nﬁg ((;el Zﬂsggfﬁg?e?iil '\\/llvggns?cu?jcifd b
nigue for preparing such structures because of its low Cos%fansmission electron micrcr:scorié'EM) high resolution y
high yield and the ability to achieve extremely small . . » Mg :
features > Anodic porous alumina, which has been studiedTEM' and_nanodlffractlon..The magngtlc properues of the
and applied as template material for many y&aissa par- Co nanowires embedded in the anodic aluminum template

. . : were measured by an alternating gradient force magnetome-
ticularly suitable self-assembled nanochannel material. y 99 9

i . : . . r.
When aluminum is anodized in an acid electrolyte, alu-te

minum oxide with nanosized densely packed hexagonal pore

array will form.” The diameter, center-to-center spacing be-

tween the pores and length of the pores can be easily comH. RESULTS AND DISCUSSION

trolled by varying the electrochemical parameters. Magnetic ) )

materials such as Fe, Ni, and Co can be grown by elec- Figure Xa shows the TEM image of ordered Co nano-
trodeposition as nanowires in such templates. These self¥iré arrays, with an average pore diameter around 10 nm,
assembled ferromagnetic nanowire arrays are ideal systerA¥€rage center-to-center d|sFanlc:e between pores about 35
to study mesoscopic magnetism, because their radii are corfi: and pore density exceeding Yent. The average wire
parable to magnetically interesting length schlea few diameter is roughly equal to the average pore diameter, as
nm. In this study, we discuss the dependence of the magnetﬁyldenced by electron microscopic pictures of nanowires

properties on the geometry of the Co nanowire arrays.  (reed from the templates. Figuréh) shows the HRTEM top
view of a single Co nanowire. The polycrystalline nature of

the Co nanowire is evident from the lattice fringes in the
HRTEM picture. Typically, the plane view of each Co
The starting material, 99.999% pure Al foil, was de- nanowire reveals three to five grains, with average diameter
greased, etched in nitric acid, and electropolished. The foibf about 3—5 nm. The orientation of the lattice fringes varies
was then dc anodized in acidic solutions to form a layer offrom grain to grain both inside the wire and between wires,
porous alumina. In this study, all the samples were anodizednd overlapping of the grains is shown by the Mdiiages.
in sulfuric acid under a constant voltage of 10 V, using aThe nanodiffraction patterns show that the crystal structure
platinum cathode. The pores of the anodic alumina weref the Co nanowires is hcp. We observe no preferential ori-

Il. EXPERIMENT

0021-8979/2000/87(9)/4718/3/$17.00 4718 © 2000 American Institute of Physics

Downloaded 17 Nov 2006 to 129.93.16.206. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 87, No. 9, 1 May 2000 Zeng et al. 4719

2400

2400 |
aoer lh'*l\-_- 2200[ /".\"'\l
5 2000 - \l\ 0| N
99 1800 - X 1800 | .l
= 1600} 1600 |
ool 1400 |
1200} :m i}
T P P PR TR TR o 200 400 600 800 1000 1200
26
&r 24| /'
T
“— s} ./'/. s -'/ -
E 20t
s 5t 18} .
S 0 o
4 3+ J 141 T
N i | L
§ 01 14 16 18 2 2 0200 460 00 800 1000 1200
diameter (nm) Length (nm)

FIG. 3. CoercivityH. and activation volum&™* as a function of nanowire
diameter(left) and length(right).

easy axis along the wire and perpendicular to the film plane.
We expect the uniaxial anisotropy to originate mainly from
shape anisotropy, due to the large aspect ratio of the nano-
wire. Since the TEM results show the polycrystalline nature
of the nanowire, with small grains and no preferential orien-
tation of Co c-axis, magnetocrystalline anisotropy should
play a minor role. The anisotropy field, is obtained by
FIG. 1. Top view of acicular Co particles deposited in anodic porous alu-extrapolating the magnetization curvés, for samples with
mina; (&) TEM image andb) typical HRTEM micrograph. Inib), the sets of  an aspect ratio greater than 10 is about 7 kOe, which is close
tpe;clllri?ellsl lines(lattice fringe$ are associated with the orientation of the crys- to the theoretically predicted shape anisotropy fieteM2 (8

kOe for C9 for an infinite cylinder. Perpendicular coercivity
as high as 2.6 kOe, and remanence ratio exceeding 0.9 are

entation of Coc-axis. By contrast, Li and Metzgéfound ~ ObPtained. _ _ _
that Fe particles deposited in anodic alumina are single crys- AS mentioned above, the dimensions of the nanowire
tallites. arrays can be controlled by varying the electrochemical con-
Typical hysteresis loops for Co nanowires in an anodicditions. For example, the diameter of the wire can be en-
alumina template, with aspect ratio greater than 20, is showlrged by immersing the as-anodized template into phos-

in Fig. 2. The sample possesses uniaxial anisotropy, with thBhoric acid for different durations. The average length of the
nanowires can be controlled by varying the electrodeposition

time. Figure 3 gives the change of coercivity and thermal

1.5 activation volume Y*) as a function of nanowire diameter
L (dy), and length L,,). For samples with varying lengti,,
10k " is fixed at 10 nm, whild_,, changes from 10 nm to 1000 nm;

for samples with varying diameter, the center-to-center dis-
tanced, is fixed at 40 nmL,, is between 500 nm and 1000

nm, whiled,, changes from 9 nm to 20 nm, so that the aspect
ratio is kept greater than 25. The thermal activation volume

0.0 /
is used to investigate the energy barriers responsible for the
05) magnetization reversal mechanism. We have determffed
exploiting sweep-rate dependence of coerciignd mag-

0.5

M (arb.u.)

netic viscosity measuremeritsin many cases where the re-
sults have been compared, these two methods agree with
each other well, so that we will restrict ourselves to the
-10 -5 0 5 10 former method.

H (kOe) With an increase of the nanowire lengti, increases

FIG. 2. Hysteresis loops of Co nanowire arrays with a diameter about 10 nn?teeDIy until a constant value of about 2300 Oe is ap-

and center to center distance of about 35 nm measured parallel and perpdatoached at.,, Of_ about ZOQ nmV* first increases rapidly
dicular with respect to the film plane. then gradually withL,,, but is generally much smaller than
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30 and curling modes are delocalized and could lead to activa-

tion volumes much larger than those observed. A more rea-

25+ sonable explanation of the reduced coercivities and thermal

activation volumes encountered in practice is morphological

201 inhomogenities. In particular, our TEM results reveal a con-

. siderable degree of polycrystallinity with crystallite diameter

a® of about 5 nm. Polycrystalline wires can be interpreted as

random-anisotropy ferromagnets where interatomic ex-

101 change tries to align the local spins, but the exchange stiff-
ness has to compete against random-anisotropy forces asso-

951 ciated with the local uniaxial anisotropy. As a consequence,
the magnetization processes become localized. The localiza-

%000 005 o010  ots 020 05 030 tion length or physical activation volume strongly depends

P on the crystallite size. Details of the theoretical explanation,

which involves scaling laws and crossover behavior as a

FIG. 4. D¢y as a function of packing densify. function of wire dimensions, will be published elsewh&te.

Summarizing our results, we have investigated structural
the physical wire volumes, which indicates that the reversaf"d magnetic properties of Co nanowire arrays electrodepos-
starts in a small region of wires. A simultaneous fittingf ~ 't€d into porous anodic alumina. The coercivity, activation
andV* as a function oL, is given in Ref. 15. On the other Volume, and other magnetic properties depend on the length
hand, the coercivity decreases gradually with increasingd diameter of the nanowire. Magnetic and thermal activa-
nanowire diameter accompanying the shearing of the hyste ion volume measurements indicate localized reversal, that
esis loop. Both the decrease i, and the shearing of the is, the reversal starts in a region much smaller than the wire

loop can be attributed to magnetostatic interactionsA i volume. This Iocallization is ascribeq t'o the randpm anisot-
plot'? is usually employed to investigate intergranular inter-OPY associated with the polycrystallinity of the wires.
actions. For our samples, all them peaks are negative,

which suggests that the dominant interaction is magnetcACKNOWLEDGMENTS

static. However, the interpretation Afm for a material with The research is supported by NSF, IBM, CMRA, and
perpendicular anisotropy is not easy, because of the exiﬁ ' ' '
tence of a macroscopic demagnetizing field. Hence, in order
to investigate inter wire interaction, we use an effective de-
magnetizing factoD 4, as estimated from the skewing of 'S.Y.Chou, M. S. Wei, P. R. Krauss, and P. B. Fisher, J. Appl. PTfys.
the hysteresis loops, on the assumption that the slopegef’”(\}:zgwi N. Coombs, and M. Moskovits, J. Appl. Phyz0, 4421
dM/dH at H. is infinite for noninteracting, well-aligned (1997, t ’ ' o ’
nanowires. For samples with varyiny,, the demagnetizing *X. H. Bao, F. Y. Li, and R. M. Metzger, J. Appl. Phy9, 4866(1996.
field due to individual wires can be neglected since the as—:?-ET- - Huysm%”SKaﬂd TS '-Od‘(jje'}v:ﬁ- ép!‘:t'; Phg4, 2%1“?('13?18% t
pect ratio is large, anD . can be attributed totally to mutual E‘;réphjgr?_‘gz%' 62662'1’959_6‘00“ » - Bulttienne, and J.-Fh. Ansermet,
interaction between wires. As shown in Fig.Bly increases  6g. Keller, M. S. Hunter, and D. L. Robinson, J. Electrochem. S8
with packing densityP, which is given by ,,/d.)?/2v3 for 411(1953.

hexagonal arrays. A mean-field theory calculation predicts,H- Masuda and K. Fukuda, Scien268 1466(1995.
that D +=47P.13 In Fig. 4, a slope of 10.6 is obtained from Eésg?i?till(l fgg;' M. D. Coefermanent Magnetistiinstitute of Phys-
the linear fitting of D4y as a function ofP. Considering the  9F. Y. Li and R. M. Metzger, J. Appl. Phy&1, 3806(1997).

simple assumption we made to estimBig; our results agree 10p, Bruno, G. Bayreuther, P. Beauvillain, C. Chappert, G. Lugert, D. Re-
reasonably with the theoretical prediction. It is generally dif-nga’g'tri-e fg,ﬁfr}a@’ aW”gOJ”é iegjﬁ)"c' Jﬁ@ip'gifgsfgfféiggzm .
ficult to interpretDey as a function ofL,,, since a proper (1949 o ' ' R ' '
separation of the demagnetizing field due to individual wires?p. E. Kelly, K. O'Grady, P. I. Mayo, and R. W. Chantrell, IEEE Trans.

and the interaction between wires is generally nontri¢al. lgMaQE- MAkG-25, 3881(19§9- Imyanpubishe
: : : R. Skomski, H. Zeng, and D. J. Sellm publishe
Frequently considered magnetic reversal mechanlsmlsR' Skomski_ J. P. Liu and D. J. Sellmyer, Phys. Re\(B7359(1999.

such as coherent rotation, and curling treat the wires as persg_skomski, H. Zeng, M. Zheng, and D. J. Sellmyer, Phys. Revsib-
fect homogeneous cylinders. However, the coherent rotationmitted).
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