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Torque studies of large-area Co arrays fabricated by etched
nanosphere lithography

S. M. Weekes® and F. Y. Ogrin
School of Physics, University of Exeter, Exeter, EX4 4QL, United Kingdom

(Presented on 11 November 2004; published online 12 May)2005

Large-area arrays of size-tunable Co nanomagnets have been fabricated using a methodology based
on nanosphere lithography. The technique employs a monolayer of latex spheres as an inverse mask
for the formation of Co elements by electrodeposition. By tuning the size of the spheres with
reactive ion etching, magnetic elements of 310 and 240 nm diameter have been obtained. Analysis
of the arrays using high-field torque magnetometry and three-dimensional micromagnetic modeling
clearly demonstrates a change in anisotropy as the diameter of the elements is reduced. More
detailed investigation of the field dependence indicates the presence of magnetic vortices at low
fields. © 2005 American Institute of PhysidDOI: 10.1063/1.1849665

I. INTRODUCTION II. FABRICATION

Patterned magnetic nanostructures are currently the sub- 1he fabrication procedure involved the following steps.

ject of much interest due to their enormous potential in fu-~ Metallic layer of Cu was evaporated onto a glass substrate

ture nanotechnology, including high density magnetic re 0 create an electrode for the final stage electrodepositon. A

cording. Due to the low dimensions and increased stability OFurther_ 200 nm qf SIQ was thgn deposited on top of the
metallic layer using rf sputtering. Nanospheres of 390 nm

isolated elements, a move to patterned media could increage. - ter were deposited onto the substrate by drop coating a

storage densities by 100 t|me§ compared to that currently  niyiyre of Milli-Q water and solution containing PS spheres,
available on computer hard drives. Despite the advantages §f the ratio 14:1. After sphere deposition, the samples were
using patterned media, there are still challenges involved igried in an enclosed atmosphere at 55 °C, resulting in the
the fabrication and characterization of patterned arraysformation of large monolayers, typically of areas greater than
Many of the fabrication procedures which are currently in1 cn? [Fig. 1(@]. RIE in an Q atmosphere was used to
use, such as electron beam lithography, are costly and needuce the sphere diameter after deposition and thereby ob-
suited to the production of arrays over large ardasn? and  tain elements of different diameters. After RIE, an etch mask
above. However, large-area arrays are not only a prerequi®’ MgF, was evaporated onto the samples, covering the
site for magnetic recording applications but they are alsgPheres and filling the recesses between tfEfg. 1(b)].

essential for the detailed study of patterned media. In thigemoval of the spheres was achieved using alcohol, after

investigation we use a fabrication technique, etched nanov—vhICh the pattern was transferred through the Syer to

. C . . reach the metallic electrode below using RIE in a GHiF
§phere lithographyENL), which is ,COSt effective, simple t? mospherégFig. 1(c)]. Finally, magnetic elements were grown
implement and capable of producing large-area arrays with a
range of dimensions.

ENL utilizes commercially available polystyren®9
nanospheres to create a hexagonal close-packed pattern of
holes in a dielectric layer. The sphere diameter can be ad-
justed after deposition through reactive ion etchilijE)
facilitating the production of size-tunable magnetic arrays.
ENL is thus a valuable tool in the fabrication of patterned
arrays for magnetic studies. In this article, ENL has been
used to produce Co arrays with element diameters of 310 and
240 nm. A preliminary analysis of the arrays has been
performed using high-field torque magnetometry, along
with three-dimensional(3D) micromagnetic simulations
(OOMMF).2 These results are compared to measurements

made on an electrodeposited Co film of the same thicknesse. 1. schematic diagram of the fabrication procéasDeposition of a

as the arrays. monolayer of PS sphere&) Reduction of the sphere diameter using RIE

and subsequent evaporation of Mgf) Removal of the spheres and RIE to

leave an array of holegd) Electrodeposition of Co to form an array of

dauthor to whom correspondence should be addressed; electronic maitolumns. The inset shows SEM images of Co arrays of diameter 310 nm
s.m.weekes@ex.ac.uk (above and 240 nm(below).
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— Simulated Wohlfarth model was used to simulate the field dependent
v Measured signal. The Co film was assumed to be polycrystalline and
was represented in the model as an ensemble of randomly
oriented crystallites, each having uniaxial crystalline aniso-

~ 09 tropy. Although this type of analysis is an approximation as it
3 does not include exchange coupling between crystallites, it is
;0‘6 useful in that it allows magnetic parameters to be estimated
s in considerably less computing time than micromagnetic
& 04 analysis. The simulation indicates that the Co film has very

weak crystalline anisotropy with a magneto-crystalline an-
isotropy constant oK ~0.4x 10° erg cm®. This value is an
1 e order of magnitude lower than that for a perfect hcp Co
0[ Applied Field (KOe) crystal, and should be treated with caution due to the limita-
-30 -20 -10 0 10 20 30 tions of the model in the low-field region, where switching
Applied Field (KOe) may not occur through uniform rotation. Nevertheless, ex-
FIG. 2. Field dependent torque signal for a 260-nm-thick electrodepositeghange coupl_mg and the Surfa(.:e fi.mSOtrOpy associated with
Co film with a magnetic field applied at 80° to the sample plane. The datzSMall crystallites can have a significant affect on the mea-
are well represented by a coherent rotation madelid line). The inset  sured value ofK and other studiéshave shown a similar
shows the simulated magnetization loop demonstrating hard axis behaviokeduction in crystalline anisotropy for electrodeposited Co.
The value of the saturation magnetization extracted from the
by electrodeposition in a Co sulphate bffig. 1(d)]. Scan-  simulation wasM¢=1200 emu cIT?, this is comparable to
ning electron microscopySEM) images of the fabricated the bulk valud of 1422 emu ci®. The reduction inMg is

It
[%)

Magnetization

arrays are shown in Fig. 1. likely due to the presence of impurities in the electrodepos-
ited film. Other investigatiorfsof electrodeposited Co con-
IIl. MAGNETIC MEASUREMENTS sistently found that the value &l was reduced to between

e1100 and 1270 emu crhdue to the co-deposition of impu-

A high-field torque magnetometer was used to analyzlr(i)ties

the magnetic properties of the arrays. Measurements we
performed in two modes(l) Angular Dependence, which
involved rotating the sample in the plane of a fixed magnetiG; ~/ arrays
field but perpendicular to the plane of the samp®.Field
Dependence, where the sample was maintained at a fixed In order to investigate the behavior of patterned arrays,
angle while the magnetic field was swept between positivéorque measurements were supported by simulations using a
and negative values to complete a hysteresis loop. The suBD micromagnetic solve(OOMMF). The input parameters
face normal of the sample defined thalirection and the for bulk hcp Co were employed, with the exception of
field was applied in the-z plane, while the torque in thg ~ the saturation magnetization where a value dfg
direction was measured. =1200 emu ci® was used, as extracted from the Co film
Unlike the majority of magnetization techniques, which measurement. The simulations were carried out over arrays
probe the component of magnetization in the field directionof 5X 5 elements using a cell size of 20 nm. The directions
torque magnetometry is sensitive to the component of magef the crystal easy axes were varied randomly from cell to
netization perpendicular to the applied field, making it idealcell to simulate the polycrystalline Co structure. Figute)3
for investigating anisotropic materialaVhen analyzing the shows both the field dependent and the angular dependent
field dependent torque signal for a field applied close to pertorque for patterned Co arrays of diameters 240 and 310 nm
pendicular to the easy direction, one may consider two mai@nd thickness 260 nm. The angular dependent siginse:),
features: First, the hysteretic region at low fields holds infor-exhibits a hysteretic switching region at angles of 90° and
mation related to the magneto-crystalline anisotropy, domai@70° between the sample plane and the applied field, indicat-
formation and inter-particle interactions that control switch-ing a preferred in-plane easy direction.
ing. Second, the position of the turning point at high field  The field dependent torque signal shown in Fi@) 3vas
holds information regarding the magnitude of the magneti®btained after applying a field at 80° to the sample plane and
moment and the magnetostatic field, providing the latter isweeping it between +30 kOe. Comparison between the
much larger than the crystalline anisotropy field. These featorque curves for the two samples highlights the following:

tures are considered in the following discussion. (1) a large reduction in amplitude for the 240 nm array, even
after allowing for the different volume of magnetic material
IV. RESULTS AND DISCUSSION present;(2) a shift of the turning points in the high-field

region, from 10.5 kOe for the 310 nm array to 8.5 kOe for
the 240 nm array(3) a shallower torque gradient in the high-
Figure 2 shows the measured and simulated torque sidield region for the 240 nm array, indicating closer alignment
nal from a continuous Co film of thickness 260 nm producedwith the applied field. These differences are all indications of
by electrodeposition. The field was applied at 80° to thea reduction in the in-plane anisotropy as the diameter of the
sample plane and swept between +30 kOe. A Stonerelements is reduced. For example, the high-field turning

A. Continuous Co film
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in the large-area sample is not well accounted for in simula-
tions performed over an array of only<%b elements. Simu-
lations also indicate the presence of magnetic vortices in the
low-field region[Fig. 3(b) insefl. Due to their low dimen-

0.8} . : .

5 sions, eaqh element accommodate_s a single vortex with the
< 06 exact position of the vortex core within the element, depen-
g dent on the element’s position within the array. This vortex
504' structure is seen for fields below 8.4 and 7.6 kOe for the 310
= and 240 nm arrays, respectively, indicating greater stability
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against vortex formation for smaller elements.

Comparison between the patterned arrays and the con-
tinuous Co film(Fig. 2 in the low-field region highlights a
more diffuse hysteresis in the patterned arrays, indicating
incoherent switching of the elements over a range of field
values. This incoherent switching is an indication that the
elements within the array have a distribution of switching
fields. In contrast to the continuous Co film, the patterned

08

5 samples feature arrays of exchange decoupled elements. Pre-
<06 vious studie§ have shown that this can result in a distribu-

g tion of switching fields due to the local environment pro-

5 a4 duced by magnetostatic interactions. Simulations of the
=
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patterned arrays show a similarly diffuse, although broader,
hysteretic switching region. Differences between the simu-
lated and experimental data in this region likely arise from
the difficulty in accurately representing the magnetic aniso-
tropy present in polycrystalline samples.

V. CONCLUSION

FIG. 3. (a) Measured field dependent torque signal for arrays of 310 and ~ Torque magnetometry has been used to investigate the
Zﬁo ”mhdiametfifr Véith age'd aPP“eI(: at 80° tol_thgf_salgpiespll%”e-TThhe inseinisotropic properties of Co arrays revealing a change in
metry of the curve indicates a preferred n-plane easy axis for both array@MSOTOPY as the element diameter is reduced. Comparisons
(b) Simulated torque signal using a 3D micromagnetic model. The simulaWith measurements made on a continuous Co film point to
tions qualitatively reproduce the features seerfain The inset shows the incoherent switching of the elements. These conclusions are
calculated vortex state at remanen@sntej and the near saturated state at Supported by 3D micromagnetic simulations, which also
30 kOe, (left). . . . .
show the presence of magnetic vortices at low fields. This
investigation has demonstrated the sensitivity of torque mea-
point in the torque curve results from the interplay betweersurements to changes in anisotropy, even for a very modest
the increasing field that acts to increase torque, and the aligfiacrease in aspect ratio(height/diameter=0.8 for the
ment of the magnetization vector with the applied field310 nm elements and 1.1 for the 240 nm elemperfisrther
which acts to decrease torque. For samples with reduced invork will use torque magnetometry along with the ENL fab-
plane anisotropy the alignment of the magnetization vectofication technique to probe the transition to a perpendicular
occurs at lower fields thereby shifting the turning point.ground state as the aspect ratio of the elements is increased.
Similarly, the reduction in the overall amplitude of the signal
and the reduced gradient at high fields are both indicators ofS: Sun. C. B. Murray, D. Weller, L. Folks, and A. Moser, Scier2&7,

a decrease in the in-plane component of magnetization Thi31989(2000.
p p g ' M. J. Donahue and D. G. Porter, NISTIR 6376, National Institute of Stan-

change in anisotropy is likely due to a combination of the dards and Technology, 100 Bureau Drive, Gaithersburg, MD 20899, 1999.

change in aspect ratio and the reduction of the inter-elementR. Hohne, C. A. Kleint, A. V. Pan, M. K. Krause, M. Ziese, and P. Es-
inolar fiel h lement diameter is r ] quinazi, J. Magn. Magn. Mate11, 271(2000.

d poa. eldas t .e e.e € .t dia et.e S educed C. A. Ross, M. Hwang, and M. Shimet al, Phys. Rev. B65, 144417

Micromagnetic simulations qualitatively reproduce all of 5495,

the above features, as seen in Figh)3While simulations  °H. P. Myers and W. Sucksmith, Proc. R. Soc. London, SeR0¥, 427

show a marked reduction in the overall torque amplitude for6(1951)- _

the 240 nm array, the reduction is not as large as that seen i C(')(?('ZFSSS;’ M. Hwang, and M. Shimet al, J. Magn. Magn. Mater249

the experimental data. This may be an indication that the7J. I. Martin, J. Noguesb, K. Liu, J. L. Vicent, and I. K. Schuller, J. Magn.

cumulative effect of inter-element magnetostatic interactions Magn. Mater. 256, 449 (2003.
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