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Remanent state studies of truncated conical magnetic particles
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The remanent state of truncated conical particles is investigated as a function of their size, aspect
ratio, and anisotropy, using a micromagnetic model based on the Landau—Lifshitz—Gilbert equation.
Particles with a base diameter smaller than three times the exchange length show a “flower” state,
while larger particles show a “vortex” magnetization state. The critical size for this transition
increases with increasing anisotropy. Small flower-state particles show abrupt reorientation from
out-of-plane to in-plane magnetization at a critical aspect ratio of 0.9. For vortex-state particles, the
axial remanence gradually increases as the aspect ratio increases, and high aspect ratio particles
have significant remanence even at larger diameters.20@L American Institute of Physics.
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I. INTRODUCTION remanent state. The effective figtly is first calculated as
The equilibrium magnetization structure of a magneticth® sum of the applied external, magnetostatic, exchange,

particle depends on its size, shape, and the strength and sy@2d anisotropy fields. The LLG equation is then solved for
metry of its magnetic anisotropy. Most micromagnetic analy-82ch element until the maximum angular precession
sis has been carried out on particles with ideal shapes such §8M/dt=yHe;s, with v, the gyromagnetic ratio= 0.0179
ellipsoids, cubes, and cylindets? However, there is now a O€ “ns ) in the system is below 10 GHz, i.e.,He<6
variety of experimental data available for magnetic particles< 10~ * Oe.
made by evaporation and lift-off processes. These particles Particles were modeled as cylinders, truncated cones, or
tend to have tapered profileée., the particle width de- Pyramids by stacking up either circles or squares made from
creases as the particle becomes tallcause the holes in cubic elements. The volume of the particle was divided into
the lithographically defined template become smaller as thbetween 6000 and 16 000 elements, with=N, =23 or 31,
evaporation process proceeds. This leads to particles witind N,=14—35 depending on the desired aspect ratio. The
truncated pyramidal or conical shapes, whose side-wall anglengle between the sidewalls and the base plane was fixed at
depends on the angular distribution of the arriving flux of the72° for the conical or pyramidal particles. Length scales are
evaporant. In this article, a three-dimensional numerical minormalized with respect to the exchange Ilength,
cromagnetic model is used to investigate the remanent states/A/Mg, where A is the exchange constant amdg the
of truncated pyramidal particles and to compare these statesturation magnetizatichThe size of the cubic elements
with the behavior of cylindrical particles. was kept below 0.3, even for the largest size particles to
ensure robust computations. Even though the surfaces are
represented by discrete steps due to the cubic mesh, with the
discretization size equal to 1/31 or 1/23 of the particle diam-
A three-dimensional micromagnetic motlbhsed on the eter, the surface roughness was smaller thgnfor all the
direct integration of the Landau-Lifshitz—Gilbe(tLG)  particle sizes modeled. Thus, the surface roughness is not
equation in a Cartesian lattice is used to obtain the remanegpected to introduce significant error into the calculafion.
states of truncated pyramidal particles. The particle is represince initial calculations on truncated cones showed similar
sented byN, X Ny cubic elements in they plane for the base results to truncated square-based pyramids, only results on
of the particle. Alongz, perpendicular to the basbl, ele-  truncated pyramids are presented in this article. An exchange
ments represent the height. The magnetization is constant ghnstant ofa= 106 ergcn L was used for both Co and Ni
magnitude but may vary in direction from one element topayticles. A saturation magnetizatiof of 484.1 and 1420
another. Initially, all the magnetic moments are aligned withamy cn® was taken for Ni and Co, respectively, so the
z, the axial direction of the particle, and then the magnetizaéxchange length was 20 nm for Ni and 7 nm for Co. A
tion is relaxed in the absence of external field to generate thg,jaxial magnetocrystalline anisotrop, from zero to 3.0
X 10 ergem ® parallel to the particle axis was included.
3Electronic mail: minha@mit.edu Another micromagnetic model based on iterative metfiods

II. MICROMAGNETIC MODELING
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FIG. 1. Calculated axial remanence for truncated pyramidal particles after
axial saturation, as a function of normalized base diamé@pen dots:
flower state, closed dots: vortex state@) Aspect ratio R=1.13, a/b
=0.35, zero anisotropy(b) R=1.21, a/b=0.22, zero anisotropy(c) R
=1.13, a/b=0.33, with axial anisotropy corresponding to 3.0C°
erg cm ® for Co particles.

as in Fig. 1c), makes the flower-to-vortex transition occur at
larger critical diameters and increases the axial remanence of
vortex states significantly.

was used to determine the reorientation of the remanent mag- In contrast, shor.t partlcle5R(<0.9). have low ax'fl re-
netization direction from axial to in plane as a function of Manence. At small diameters the particle shows an “in-plane

aspect ratio. flower” state in which the magnetization is parallel to the
base plane. Larger particles develop vortex or multi-domain
structures. Some examples of these remanent states have
been shown previousl.

To compare cylinders and truncated pyramids, the rem-
Particles are approximated as truncated square-baseghent states of a cylinder wiR=1.13 were compared with

pyramids with height, base diamete, and top diametes,  those of a pyramid with the sanfeand witha/b=0.35, as
and the aspect ratio is definedRs h/b. First, the effect of  chown in Fig. 1a). The results are shown in Fig. 2. The

size V]Y'” b:_a confS|dered.|.In g'g: L at)ggl rerart]ﬁnce IS Showrbehavior is qualitatively similar, but the flower-to-vortex
as a function of normalized diame ex T TIEE CaSES, 4 o nsition for the cylinder occurs at a larger diameter) 3,5

(@) an aspect ratio oR=1.13 anda/b=0.35 with zero an- o
) . s and the decrease of the remanence after the transition is more
isotropy, (b) a taller and sharper particle wifR=1.22 and .

gradual compared to the pyramid.

a/b=0.22 with zero anisotropy, an@) the same geometry
as (a) but with an anisotropy field, defined aKg/Mg, of
4191 Oe along the axis, corresponding to Kp6f pure Co.
This particular value was chosen for comparison with experi-
mental results on evaporated Co particles.

For tall particles withR>0.9, the squarene& which is
defined as axial remanence divided by saturation moment, is  The effects of varying the aspect ratio on the flower and
almost constant at 1.0 until the diameter b reaches a criticalortex states were studied for truncated pyramidal particles.
value above whicl$ begins to decrease. For the zero anisot-ror the flower states, the base diameter was fixecgt 2nd
ropy case, shown in Figs(d and 1b), the critical diameter ne neight of the particle was changed. The particle shows a

'S .3)‘5‘)" Below this diameter, an out-of-plane flower” state flower state at all aspect ratios but there is an abrupt transi-
exists where the squareness is very close to 1 and the mag-" from out-of-plane to in-plane flower states Rt 0.9
netization is almost parallel to the axis except for small de- '

viations at the corners. Above the critical diameter, a heIicafFig'_?’)' Thisis simil_ar to the critical_aspect r_atio analy_tically
vortex develops along the central axis of the particle and th(?bt"’“neBd for a uniformly magnetized cylinder, which is
magnetization vectors become tilted into the sample pland-9065- Adding anisotropy along the axis of the particle
This helical vortex develops first near the base of the parf€duces the critical aspect ratio.

ticle, and extends through the particle as the particle size Similar tests were performed for vortex state particles.
increases, leading to a gradual decreas&itEven larger The base diameter was fixed at4 or 4.5\, and the effect
particles p>~10\.,) show multidomain states. The addi- of aspect ratio was studied for different amounts of axial
tion of uniaxial anisotropy parallel to the axis of the particle, anisotropy(Fig. 4). In contrast with flower-state particles,

IIl. RESULTS

A. Effect of particle size on remanence

B. Effect of aspect ratio
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8 to occur at about 60 nm diameter for Ni, and 20 nm for Co
£ 10T Flower states, b=2)c n—u with zero anisotropy. Experimentally, arrays of conical
g nickel dots with a base diameter 680 nm have been found

g e to show high axial remanence even for aspect ratios of
ﬂ_ﬁ 06l 0.637%10 and magnetic force microscopy indicates dipolar
= o magnetization states. These experimental observations are
jé 04} TT? consistent with the results of the model, which shows that
3 o even with zero anisotropy, Ni particles of these dimensions
N 02F :: would show a helical magnetization state with significant
S \4 perpendicular remanence. However, for Co, particles of 80
g 00 =& 0 o nm diameter are predicted to have multidomain or vortex
Z 471 02 03 04 05 08 07 08 00 10 14 states with very low remanence. The observation of dipolar

Aspect ratio (h/b) ma_lgnetization states with high remanence in_ such parﬁ.clles
is interpreted as a result of perpendicular anisotropy arising

FIG. 3. Calculated remanence along the axis of the particle for a truncateffOM the preferred000]) crystal orientation.

pyramidal particle withb= 2\, and a taper angle of 72°, as a function of The tapered particle shape, for théb ratios investi-

height/base aspect ratiub. gated here, behaves similarly to a cylinder. In particular, the

transition from an in-plane to an out-of-plane flower state

occurs at aspect ratios of 0.9 in both cases. This is a result of

there is a gradual decrease in remanence with decreasnﬁge 72° taper angle chosen in this study, which gives shapes

aspect ratio as the magnetization vectors become more tiltgl o+ ore not very different from a cylinder with taper angle of
into the plane, but the remanence is still significant even foboo For completeness, ab ratio range from a perfect

particles with aspect ratios below 0.9. Moreover, the remagg o @/b=0) to a cylinder &/b=1) should be considered.

nence increases with increasing anisotropy. These results suggests some guidelines for the design of
patterned recording media, in which data are stored in
IV. DISCUSSION uniaxial single-domain magnetic particles for which a high
Our calculations show a transition from a flower state to'Manence is desirable. A practical patterned media system
a vortex state with increasing particle size. This behavior hat/0uld require an_array%f particles with density well in ex-
been found in other geometries such as cubes, cylinders aff§SS ©f 15 G particles cn, implying a period below 80 nm
prisms3® However, the fact that even vortex states can hav@nd hence particle diameters 640 nm. At these dimen-
significant axial remanence at aspect ratios below 1 should©ns: the remanence of cylindrical or pyramidal particles

be emphasized. The flower-to-vortex transition is predictedVith @spect ratio of-1 is expected to be high for particles
made from Ni or from Co with axial crystalline anisotropy.

Hence the particles do not need to be highly elongated to be

1.0 used as perpendicularly magnetized media. This has the ad-
N " vantage that switching speeds are expected to be higher for
§ 09 f(» 2 p—— particles with aspect ratios close to 1, compared to elongated
2 osf . : = particles with aspect ratios of 2-13.
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