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Abstract: The processing, structure, and magnetism of highly coercive Sm—Co and FePt thin-film
nanostructures are investigated. The structures include 1:5 based Sm—Co—Cu—Ti magnets, particulate
FePt:C thin films, and FePt nanotubes. As in other systems, the coercivity depends on texture and
imperfections, but there are some additional features. A specific coercivity mechanism in particulate
media is a discrete pinning mode intermediate between Stoner-Wohlfarth rotation and ordinary domain-
wall pinning. This mechanism yields a coercivity maximum for intermediate intergranular exchange
and explains the occurrence of coercivities of 5 T in particulate Sm—Co—Cu—Ti magnets.

Keywords: Coercivity, Hard magnetic materials, Magnetic nanostructures, Domain-wall pinning,

Magnetization reversal

1. Introduction

Hard-magnetic thin films are of interest for present
or future applications such as magnetic microelectro-
mechanical systems, microstructured magnetic sen-
sors, spin electronics, and magnetic data storage. Be-
yond the pronounced magnetocrystalline anisotropy
of underlying compounds such as SmCos [1] and FePt
[2], the development of coercivity is facilitated by
thin-film specific nanostructuring [3] and, to some de-
gree, by exploiting surface and interface anisotropies
[4]. Examples of coercive thin-film nanostructures
are thin [5] and ultrathin [6, 7] L1, structures (most-
ly FePt), granular Sm—Co-based thin films [8], and Fe/
W( 10) [4].

As in bulk materials, details of the nano- or micro-
structure have a pronounced effect on the coercivity. For
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non-interacting perfect small spheres one expects the co-
ercivity to approach the Stoner-Wohlfarth prediction, but
this is an idealized and difficult-to-realize limit, since
grain imperfections and intergranular interactions inter-
fere [3, 9]. However, many open questions remain con-
cerning the transition from localized reversal or curling
to Stoner-Wohlfarth-like coherent rotation. Furthermore,
some materials, such as magnetic nanotubes [10], need
separate consideration.

In this paper, we study some nanostructural aspects of
highly coercive magnetic thin films. The following sys-
tems are being analyzed: Sm—Co—Cu-Ti particulates;
FePt:C nanocomposites film; FePt nanotubes formed by
hydrogen reduction; and FePt L1, nanostructures pre-
pared by focused ion-beam (FIB) milling.
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Fig. 1. Structure of a particulate Sm—Co—Cu-Ti thin film: (a) TEM and (b) HRTEM. The scale bars in (a) and (b) are 20 and 10 nm,

respectively.

2. Experimental systems
2.1. Sm—Co-based particulate thin films

Sm—Co—Cu-Ti particulate thin films were prepared by
magnetron sputtering. Sm—Co/CuTi multilayered films,
sandwiched between Cr layers, were sputtered on Si(l 0
0). A typical film contains 38 units of 45 A SmCos and
7 A CuTi, and proper heat treatment yields spheres of
8 nm diameter embedded in a matrix [8]. Transmission
electron micrography (TEM) shows that the phases have
a composition close to SmCos, and the matrix is likely
Cu-rich. The room temperature coercivity of the granular
film is 5.04T. Fig. 1 shows TEM (a) and high-resolution
TEM (b) micrographs of the annealed sample.

2.2. L1 based thin films

The FePt-based magnetic thin films were prepared by
sputtering multilayers with the structure [C(3 A)/Fe(9
A)/Pt(10 A)]5/C(50 A), followed by rapid annealing for
about 10 min.The films exhibit perpendicular anisotropy
and a coercivity of 0.85T. Fig. 2 shows that L1-phase
FePt nanograins with sizes of about 10 nm are embedded
in a C matrix [5].

Nanostructures with perpendicular anisotropy and ar-
bitrary geometries down to feature sizes of less than 50
nm may be created by FIB milling of FePt thin films with
perpendicular anisotropy. However, preliminary experi-
ments on sub-micrometer nanorings [11] indicate a de-
terioration of the structure and a corresponding coerciv-
ity reduction.

A recently developed method for creating highly coer-
cive magnetic nanotubes is hydrogen reduction in nano-
channels of porous alumina templates [10]. Loading the
templates with a mixture of Fe and Pt chlorides, followed
by hydrogen reduction at 560°C, yields ferromagnetic
FePt nanotubes in the alumina pores. The length of the

Fig. 2. TEM of a FePt:C film: (a) bright-field image and (b) cross-
section image [5].

nanotubes is about 50 pm and their diameters range from
about 150 to 220 nm, depending on the thickness of the
template film and the pore diameter distribution. A typi-
cal coercivity is 2.1 T.

3. Coherent rotation and discrete pinning

To understand the magnetization reversal in granular
systems, it is necessary to consider the role of intergran-
ular exchange and magnetostatic interactions. In the ab-
sence of interactions, the magnetization reversal in small
magnetic particles is Stoner-Wohlfarth like, although the
coercivity tends to be smaller than the Stoner-Wohlfarth
prediction.

There are two length scales involved, both unrelated
to the critical single-domain size [3]. First, when the par-
ticles are smaller than about 20 nm, coherent rotation is
more favorable than magnetization curling. Second, nu-
cleation sites comparable to or larger than the domain
wall width (about 5 nm) yield localized nucleation and a
strong coercivity reduction.
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Fig. 3. Reversal mechanisms in granular magnets: (a) Stoner-Wohlfarth rotation and (b) discrete pinning. The black-and-white contrast

indicates opposite magnetization directions.

Intergranular exchange, and magnetostatic interac-
tions, modify the coercivity of granular magnets. Atom-
ically, it matters whether the matrix is ferromagnetic,
paramagnetic, or insulating [3, 12, 13], but for small and
weakly coupled grains, the exchange can be modeled by
a single parameter J. (In general, the calculation of J in-
volves an integration over all exchange paths and differs
from what one would expect by counting the surface at-
oms of adjacent grains.)

Analyzing the dependence of the reversal mechanism
as a function of increasing J yields a transition from
Stoner-Wohlfarth behavior to a discrete pinning regime.
In both cases, magnetization reversal is realized by the
switching of individual grains, as compared to an essen-
tially continuous domain wall motion. But in the discrete
pinning regime there are correlations reminiscent of in-
teraction domains. Fig. 3 illustrates the difference by
showing schematic magnetization configurations close to
coercivity.

A characteristic feature is a coercivity maximum at
the transition between nucleation and discrete domain-
wall pinning. Small exchange hardens grains that are soft
due to imperfections or local stray fields, whereas strong
exchange facilitates domain-wall motion.

In a numerical analysis [14], the material of Section
2.1 was modeled as SmCoys particles with an average size
of 8 nm on a rectangular lattice. We considered three lay-
ers, each having 9 SmCos spheres. The particles are ran-
domly oriented and embedded in a matrix with different
magnetic properties (u,M, = 0.88 T, A= 25pJ/m, and K;
=2 x 10° J/m? ). Fig. 4 shows the calculated hystere-
sis for the discrete-pinning regime. The coercivity of the
model film is 5.5 T, close to the experimental value.

simulated in-plane hysteresis of SmCoCuTi film
1000000

M (A/m)

Hc = 55 kQOe

-1000000
-100 100
H (kOe)

Fig. 4. Simulated hysteresis curve of a Sm-Co-Cu-Ti film.

4. Discussion and conclusions

The above discrete-pinning mechanism is limited to
granular magnets. Whereas other mechanisms are real-
ized in structures such as nanotubes and nanorings. For
example, in spheres and cylinders, the curling mode
contains a line at r = ze, where M(r) = M, by symme-
try [10]. Magnetic nanotubes and nanorings do not suf-
fer from this restriction, so that the transition from curl-
ing to coherent rotation happens at a much smaller tran-
sition radius, depending on the ratio between inner and
outer radius.
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Most structures considered in this paper are very hard,
with coercivities much larger than 1 T. However, thin-
film nanostructuring is also a useful tool to create semi-
hard structures. For example, hydrogen processing also
has been used to produce Fe;O, nanotubes having a coer-
civity of 0.061 T. Another example is nanodot structures
for magnetic information processing, where the switch-
ing behavior of magnetic nanodots could be used to real-
ize logic gates [15, 16].

In conclusion, thin-film specific fabrication tech-
niques, such as magnetron sputtering and hydrogen pro-
cessing, make it possible to produce magnetic nanostruc-
tures with high and often well-controlled coercivities. In
addition, the structures offer insight into the physics of
magnetization reversal, as exemplified by the discrete
pinning mechanisms and tubular curling modes.

This research is supported by DOE, AFOSR, NSF-
MRSEC, the W. M. Keck Foundation, and CMRA.
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