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High-Anisotropy Nanocluster Films for
High-Density Perpendicular Recording

David J. Sellmyer, Minglang Yan, Yingfan Xu, and Ralph Skomski

Abstract—This paper reports results on the synthesis and
magnetic properties of L1,:X nanocomposite films, where
L1y = FePt, CoPt, and X = C, Ag, etc. Two fabrication methods
are discussed: nonepitaxial growth of oriented perpendicular
media, and monodispersed nanoparticle-assembled films grown
with a gas-aggregation source. The magnetic properties are
controllable through variations in the nanocluster properties
and nanostructure. The films show promise for development as
recording media at extremely high areal densities.

Index Terms—High-anisotropy, L1, phase, nanoclusters, per-
pendicular recording.

I. INTRODUCTION

ECENTLY, there has been great interest in L1¢-struc-

ture nanocluster films including FePt and CoPt for
extremely high-density recording (EHDR) media. The re-
quirement of noise reduction for EHDR at areal densities
approaching 1 Tb/in? imposes the need for grain sizes in the
range 4-5 nm with a narrow size distribution. Present media, of
the CoCrPtX type, suffer because the thermal stability factor,
¢ = K,V*/kgT, where K, is the anisotropy constant and
V™ an activation volume, becomes less than about 50 which is
required for 10-year storage. FePt and CoPt have large values
of K, (~ 5-7 x 107 erg/cm®), and thus have the potential to
serve as building blocks for thermally stable Tb/in? media.

Recent modeling results [1] for future 1 Tb/in? perpendicular
media have suggested approximate media parameter values of
d = 4 nm, Hy = 25 kOe, M, = 750 emu/cm®, o /d = 0.07,
and 6 = 20 nm, where the parameters represent average grain
size, anisotropy field, saturation magnetization, normalized rms
deviation of grain size, and film thickness, respectively. In de-
signing potential L1y nanocluster films with appropriate prop-
erties, it is useful to consider the relevant properties of bulk L1
phases, as in Table I.

It is clear that the M and H}, values of these .15 compounds,
or modifications thereof, are in the correct range for considera-
tion as EHDR media.

A huge literature is developing on the growth and magnetic
properties of L1¢ films and their potential for EHDR. We cannot
review this work in the present paper, but refer the reader to
several earlier reviews and conference sessions or symposia
on high-anisotropy films [2]-[8]. Along with the experimental
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TABLE I
MAGNETIC PROPERTIES OF SELECTED L1, COMPOUNDS

Compound M; (emu/cc) K, (107 erg/cc) Hy (kOe)
FePt 1140 6.6 116
CoPt 800 4.9 123
FePd 1100 1.8 33

Multilayers Nanocomposite
Anneal %
B0, C. Ag Q
Glass Glass
FePt or Fe/Pt
Fig. 1. Preparation method of nonepitaxial growth Llg-phase FePt:X

nanocomposite films.

work, a number of recent simulations have appeared and these
are important for designing and optimizing perpendicular
media for densities approaching 1 Tb/in2 [9]-[12].

In this paper, we report on recent efforts to fabricate L1¢:X
and related nanocomposite cluster films, where L1y = FePt,
CoPt and X = C, Ag, B,03, etc., and on their suitability
for EHDR. We have developed two novel synthetic methods:
nonepitaxial growth of oriented perpendicular media, and
nanoparticle-assembled films grown with a gas-aggregation
source. The methods, the resulting magnetic properties, and
their advantages and limitations are described below.

II. SYNTHETIC METHODS
A. Nonepitaxial Growth of Perpendicular Media

The nonepitaxially grown oriented L1y nanocomposite
films were prepared by multilayer deposition plus annealing.
Fig. 1 shows the initial and final structures schematically for
preparation of the FePt: X(= Ag, C, B5Os, etc.) oriented L1
films. FePt/X or Fe/Pt/X layers were deposited individually

0018-9464/$20.00 © 2005 IEEE
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Fig. 2. Schematic drawing of a cluster deposition system.

on Si wafer or glass substrates by magnetron sputtering at
room temperature and then annealed in vacuum for 5 to 30 min
at various temperatures. The as-deposited multilayers were
broken up and nanocomposite cluster films were formed with
L1y-phase FePt grains embedded in the nonmagnetic matrix.
The orientation of the c axis of the fct L1j-phase nanoparticles
is strongly dependent on initial multilayering of Fe/Pt as well
as dimensions of the Fe, Pt, and X individual layers. Examples
of this will be shown in Section III.

B. Monodispersed Nanoparticle-Assembled Films

Formation of metal clusters by gas aggregation, in which
metal atoms are evaporated or sputtered into a cooled inert gas
flow at relatively high pressure, has been established in several
laboratories in the last decade. By repeated collisions with the
carrier gas, the supersaturated metal vapor nucleates and forms
clusters. The mechanism of cluster formation can be explained
with homogeneous and heterogeneous nucleation theories. The
gas aggregation methods have been applied extensively to pro-
duce small clusters of metals such as zinc, copper, silver, etc. In
some cases, this method was used in combination with a mass
filter such as a quadruple or a time-of-flight spectrometer. The
metal vapor for cluster source can be produced by either thermal
evaporation or sputter discharge [13].

The advantages of the sputtering-based cluster source are:
1) it can produce a very large range of mean cluster sizes from
200 to 15 000 atoms per cluster; 2) it has a high degree of ioniza-
tion from 20% to 50%, depending on the target materials; and
3) a wide variety of elements and alloys can be used as source
materials. Usually the deposition rate is about 3 A /s for the total
flux of the cluster beam.

Fig. 2 shows a schematic drawing of our cluster-deposition
system. It consists of a gas-aggregation source with a liquid
Ns-cooled sheath and sputtering gun, a quadrupole mass se-
lector to control the dispersion of particle diameters, a chamber
including e-beam evaporation for particle coating, and a depo-
sition chamber containing the substrate and one or more sput-
tering guns to deposit the matrix (C, Ag, etc.).

III. RESULTS AND DISCUSSION
A. Nonepitaxially Grown (001) Textured FePt : X Films

Under normal growth conditions, L1g-phase FePt and FePt
based films often possess (111) preferred or random orien-
tations. In order to control crystal orientation, the epitaxial

1000 4

[(001)  (FePt), . Ao, 02) (a)x=0
500 J ﬁl
0 L. _;J .
,; 5004 ftoo'” (002) !\b)'ﬁ<=3
< 1
> Ll N
é QDH- ﬁ(oon oz) (E)x=11
£ mo-w“)
140 L\""‘““ -~ A fL. —
(001) (002) (d)x=20
704 Ag(111)
DW iy " ‘.._J'l i S

20 30 40 a0 a0
26

Fig. 3. XRD patterns of FePt: Ag films with different Ag content. Films were
deposited directly on Si wafer and annealed at 600 °C for 10 min. Film thickness
is 10 nm.

growth of FePt film is needed to obtain oriented films. Common
methods to obtain the ¢ axis normal to the film plane [(001)
texture] are to use seed or buffer layers between a single-crystal
or textured substrate, such as MgO or (001) Cr, and the FePt
or FePt-based layer. Recently, highly (001) textured L1y FePt
[14], [15] and FePt-based films [16] have been obtained by
a nonepitaxial growth method. Yan and co-workers obtained
(001) textured FePt and FePt-based films by using multilayer
deposition plus annealing. As explained in [14], [17], and
[18], it is found that orientations of FePt grains are affected by
many preparation parameters, such as initial as-deposited film
structure, composition, annealing time, and total film thickness.
Although multilayering of Fe and Pt in the initial structure
qualitatively can be seen to promote growth of (001)-textured
L1, FePt grains, the complexity of the data on film growth have
precluded any simple explanations.

The effect of matrix concentration on orientation, intergran-
ular interactions, and magnetic properties has been investigated
for L1y FePt: Ag nanocomposite films [17]. The Ag contents
varied from 0 to 20 vol%. As shown in Fig. 3, all films clearly
show the (001) superlattice peaks indicating that the Ag content
(matrix) has a relatively small effect on orientation.

A key aspect of the magnetism of nanocomposite films is
the relation between intergranular interactions, the hysteresis-
loop shape, and spatial correlations. Fig. 4 shows the hysteresis
loop slope, correlation length, and coercivity of the FePt: Ag
nanocomposite films with various FePt contents. Average in-
teraction-domain sizes (correlation lengths) were deduced from
MFM images. The coercivities and the hysteresis-loop slope pa-
rameter « = 4wdM /dH (H.) were determined from the hys-
teresis loops. With increasing FePt content the hysteresis-loop
slope and the correlation length increase, whereas the coercivity
decreases. The Ag increases the separation between the parti-
cles, thereby effectively exchange-decoupling the grains.

Hysteresis loops for an L1y nanocomposite FePt:C film
are shown in Fig. 5. Inset are the XRD patterns of the same
FePt: C film, on which (001), (002) peaks appear indicating
that FePt grains are (001) oriented. The full width at half
maximum (FWHM), obtained from the rocking curve of (001)
peak, is 1.68° confirming a high degree of (001) texturing.
The loop shows perpendicular anisotropy with square shape
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Fig.4. Hysteresis loop slope, correlation length and coercivity for various FePt
contents (vol.%) in 10-nm-thick FePt: Ag films.
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Fig. 5. Hysteresis loop of FePt:C film (~ 65 vol.% FePt). Film deposited
directly on Si wafer and annealed at 550 °C for 5 min. Film thickness is 16 nm.
Inset is the XRD pattern of this sample.

in perpendicular direction due to the enhanced preferential
FePt L1y (001) texture [18]. The perpendicular loop shows
large coercivity (H. = 6.2 kOe) and high remanence ratio
(S =0.9).

The nanostructure of nonepitaxially grown L1 FePt: C thin
film was characterized by transmission electron microscopy
(TEM). The results show FePt grains with uniform size less
than 5 nm are embedded in the carbon matrix and appear to be
well isolated.

B. Double-Layered FePt: C/FeCoNi Perpendicular Recording
Media

For recording studies, a nonepitaxially grown, double-lay-
ered thin-film medium of nanocomposite FePt: C with a Fe-
CoNi soft underlayer (SUL) was fabricated and investigated
[18]. The 150-nm FeCoNi SUL was first deposited on ther-
mally oxidized Si substrates. The saturation magnetization flux
density (Bjs) for this layer is approximately 20 kG. The 16-nm
FePt: C layer was then deposited on the SUL at room temper-
ature by a multilayer deposition technique and subsequent an-
nealing. A 5-nm Ta barrier layer was introduced between SUL
and FePt: C layer to reduce the diffusion. A cross sectional
TEM image verifies that this medium consists of nanocomposite
FePt: C layer with 5-nm FePt nanoparticles embedded in a C
matrix [18].
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Fig. 6. (a) XRD pattern and (b) hysteresis loop of FePt:C double-layered
media. Loop measured by polar-Kerr effect at room temperature.

Fig. 6 shows the (a) XRD pattern and (b) hysteresis loop of
FePt: C double-layered nanocomposite thin-film medium. Only
the soft underlayer FeCoNi (111) peak and the L1y FePt (001)
and (002) peaks appear in the XRD pattern. This means that the
preferred crystal orientation of L1 FePt : C nanocomposite film
is successfully obtained on this SUL by nonepitaxial growth.
The polar-Kerr measurement shows a square loop that is only
sensitive to the top layer; the Kerr effect data shown in this
loop give the coercivity H. = 8.5 kOe, nucleation field H,, =
5.65 kOe, remanence ratio S = 1, and loop slope (at H.)
a = 3.3, respectively. Preliminary static read/write tests have
been performed on these films with the result that bits could
be written but only with abnormally large write currents. This
likely is the result of rather large saturation fields as seen in
Fig. 6.

C. Nanocluster-Assembled L1 Films

1) Size Distribution and Nanostructure of Clusters: In this
section, we focus on FePt(CoPt) clusters which have the high-
anisotropy L1¢ phase after annealing [19]-[21]. For the TEM
observations, FePt, CoPt nanoclusters were directly deposited
onto carbon-coated films supported by Cu grids.

The cluster size was controlled in a range from 3 to 6 nm by
adjusting the preparation parameters such as sputtering power,
Ar-He gases flow, and gas pressure, etc. Uniform cluster size
distribution with standard deviation o /d < 0.1 is obtained. The
size distribution can be further improved if desired by applying
a mass selector. Fig. 7 shows the TEM image of as-deposited
FePt nanoclusters. The corresponding cluster size distribution
counted by more than 200 clusters from lower magnification
TEM pictures is also included. Spherical clusters with an av-
erage size of 5.3 nm fitted with Gaussian distribution (with stan-
dard deviation ¢ = 0.46 nm, o/d = 0.09) were obtained with
sputtering power of 200 W and Ar/He gas flow of 400/200 sccm.
High-resolution TEM image reveals some facet feature of the
FePt clusters as shown in Fig. 8. An enlarged FePt cluster image
shows the lattice fringes, indicating the single crystal structure.
Similar results were also obtained for CoPt nanoclusters.

Fig. 9 gives two examples of cluster film structure: clusters
are embedded in a matrix by co-deposition (a) or isolated by
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Fig.7. TEM images of FePt clusters with cluster size distribution. Right: larger
magnification of the clusters.

Fig. 8. HRTEM images of FePt clusters with facet feature. Right: an enlarged
cluster showing lattice fringes.
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Fig. 9. Cluster film structures. (a) Co-deposition. (b) Multilayers.

the matrix via multilayers (b). The ability of the deposition
technique to independently control these parameters makes it
ideal for systematic studies of magnetic clusters. In this section,
some recent studies on FePt: Ag and FePt: C cluster films are
presented.

2) FePt:Ag Cluster Films: FePt:Ag cluster films are de-
posited with three-layer structure [Ag(2 nm)/FePt (12 nm)/Ag(2
nm)] or co-sputtering FePt clusters and Ag atoms on Si sub-
strate. The mean diameter of the clusters is about 4.4 nm. For the
three-layer films, the magnetic layer thickness is about 12 nm,
which is nearly three layers of FePt clusters [19]. X-ray diffrac-
tion (XRD) measurement confirmed the ordering of L1¢ phase
by post-deposition annealing. The as-deposited film showed a
broad FePt fcc (111) peak and Ag fcc (111) and (200) peaks.
After annealing at higher temperature, the fct-(200) and (002)
peaks are well-separated, and the intensity of fct-(001) peak in-
creased with the increase of annealing temperature, indicating
that the degree of L1( ordering increased with the annealing

550 °C,10 min

T1—=—In-P lane
—o— Out-of-Plane

700°C,10min

1—=—In -Plane
—o— Out-of-Plane

M(10™*emu)

Fig. 10. Hysteresis loops of FePt: Ag cluster films annealed at 550 °C and
700 °C for 10 min.

184
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169
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o
< 101
©
T 4]
—a— FePt: 38 Vol. %
6 —o—FePt: 50 Vol. %
J & —a—FePt: 67 Vol. %
450 500 550 600 650 700
o
T.(C)
Fig. 11. Effect of annealing temperature on coercivities for FePt: Ag cluster
films.

temperature. In all above films, the orientation of the fct FePt
clusters is random.

Magnetic properties of the FePt:Ag cluster films were
measured by superconducting quantum interference device
(SQUID). Fig. 10 shows the room temperature hysteresis loops
of the FePt: Ag films annealed at 550 °C and 700 °C for 10
min. Both in-plane (H // film plane) and perpendicular (H L
film plane) loops are presented. The perpendicular coercivity
is almost the same as the in-plane coercivity, indicating that
the easy axis of clusters is distributed randomly. This result is
consistent with that obtained by XRD measurement. Fig. 11
shows the dependence of the coercivity with annealing temper-
ature for co-sputtered FePt: Ag films. The coercivity increases
linearly with the increase of annealing temperature. This can
be understood on the basis of the increase of the degree of L1
ordering which leads to the large K, of the fct phase. Note
that the coercivity more than 4 k Oe can be achieved just by
annealing the film at 450 °C for 10 min, which otherwise could
be obtained by annealing samples at 550 °C or higher for FePt
cluster films without Ag addition. This result suggests that
addition of Ag in FePt cluster films can lower the L1, ordering
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Fig. 12. TEM images of FePt: C cluster film with 45 vol.% C, annealed at
650 °C for 10 min.

temperature and increase the coercivity of the cluster films
significantly.

3) FePt: C Cluster Films: FePt:C nanocluster films were
prepared with a multilayer method in which FePt cluster layers
and C layers were alternately deposited onto a Si substrate. C
serves to isolate the clusters and to avoid cluster-aggregation
during thermal annealing. The average FePt cluster size is about
4.5 nm. The nominal thickness of each cluster layer is about
1 nm, so that the FePt clusters can be well separated with C layer.
The thickness of C layer was adjusted with C volume fraction
changing from 7% to 45% [22].

Fig. 12 shows the TEM plan-view images for the FePt: C
film with 45 vol.% C annealed at 650 °C for 10 min. It can
be seen that FePt clusters are embedded in C matrix. Shown in
Fig. 12(b) is the high-resolution TEM image. It shows that single
FePt clusters with diameter about 4.5 nm were well separated by
amorphous C matrix; the cluster growth during high temperature
annealing has been remarkably reduced with the isolation of
higher volume fraction of C.

XRD measurements confirmed the ordering of the L1 struc-
ture [22]. The hysteresis loops of FePt:C cluster films were
measured at low temperature down to 10 K. The coercivity de-
pendence on temperature for FePt : C cluster films with 45 vol.%
C was measured from 10 to 300 K. The coercivity decreases
with increase of measuring temperature, e.g., dropping from
19 kOe at 10 K to about 13 kOe at 300 K for a film annealed
at 750 °C for 10 min. This may be caused by a contribution of
intrinsic temperature dependence of the anisotropy and magne-
tization, and thermal activation effects [5]. The Am curve mea-
sured for the FePt: C film with 45 vol.% C annealed at 625 °C
for 10 min shows a small negative value of Am peak (—0.17);
this suggests only relatively weak dipolar interactions.

4) Dynamics of Magnetization Reversal in FePt: C Cluster
Films: Understanding the magnetization reversal behavior of
media is of essential importance to control and design new
media with desired properties and good thermal stability. We
carried out a set of moment decay measurements for FePt: C
films with 45 vol.% C. The data were fitted with the Sharrock
formula [23], and the thermal stability factor and anisotropy
constant were extracted from the fitting parameters. The
detailed experiment and fitting procedures can be found in
[22]-[24].

Fig. 13 shows the annealing temperature effect on the thermal
stability factor K, V*/kpT and coercivity prefactor Hy for
the FePt:C films with 45 vol.% C. K,V*/kgT increases
linearly with T4 except for the point at 675 °C that might be
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Fig. 14. Effect of annealing temperature on magnetic anisotropy constant and
activation volume of FePt: C cluster films with 45 vol.% C.

caused by either experimental error or V* being unusually
small. Since K,, would be constant after the completion of L1
ordering, the further increase of K,,V*/kgT with T4 is mainly
due to the increase of V*. As shown in Fig. 14, K, is about
1.2 x107 erg/em® for Ty > 625 °C. It is noted that V* is larger
than the grain volume V', which suggests exchange interactions
between clusters and/or incoherent magnetization reversal.

5) Dilute FePt:C Cluster Film: Stoner—Wohlfarth-Like
Behavior: Understanding the magnetic properties of indi-
vidual clusters is of great interest for exploring FePt clusters as
a media for EHDR. Dilute FePt: C cluster films with 5 vol.%
FePt were prepared by the multilayer method as described
earlier. TEM images of this film showed well isolated clusters
with single crystal L1y structure. Shown in Fig. 15 is the
temperature dependence of coercivity for the FePt:C films
annealed at 700 °C for 10, 30, and 60 min, respectively. High
coercivities (> 21 kOe) at room temperature were observed
and they increased to about 40 kOe at low temperature. This
result indicates the high degree of L1j ordering after annealing
for a longer time (> 10 min). Assuming these isolated clusters
are noninteracting and the formula H. = 0.48Hj can be
applied, an anisotropy field of 83 kOe is estimated.
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Fig. 15. Temperature dependence of coercivity of dilute FePt: C cluster films
with 5 vol.% FePt annealed at 700 °C for 10, 30, and 60 min.

IV. CONCLUSION

In the nonepitaxially grown films, the development of excel-
lent (001) texture of the clusters is quite interesting. The multi-
layering of the Fe/Pt and individual layer thicknesses, annealing
temperature and time, total film thickness, and alloy composi-
tion, etc., appear to play important roles [14], [16]. A detailed
explanation of the origins of the c-axis orientation, the grain-size
distribution, cluster structure with a possible shell with different
properties, degree of L1 ordering, intercluster exchange inter-
actions, maximum packing fraction, control of Hg,, and mag-
netization reversal mechanism all are challenges requiring fur-
ther research.

In the cluster-assembled films, estimates of the anisotropy
K, = HiM/2 range from about 1 X 107 erg/cm3 to
4.7 %107 erg/cmg, depending on the system, packing frac-
tion, annealing temperature, etc. The larger value gives an
indication of the high degree of perfection and L1, ordering
in the clusters, while the smaller value suggests that control of
the anisotropy and coercivity to appropriate values for writing
is possible.

Simulation studies have shown that both intercluster
exchange interactions and incoherent reversal (due to a
core/shell structure) can lead to H . values decreased from ideal
Stoner—Wohlfarth values.

Studies are underway on coating the FePt particles with
thin molecular layers to impede exchange interactions at high
packing fractions. In addition, work is being undertaken to
control the orientation of the clusters after forming the L1
phase. Pseudo-binary alloys of the form Fe;_,Ni,Pt are being
studied to control the K, and H,. values.

Clearly the FePt (and CoPt) nanoclusters studied are ther-
mally stable, and have a narrow size distribution and control-
lable coercivities. Their properties are similar to those required
for magnetic recording at extremely high densities. Further re-

search will determine whether they can be used practically for
standard or heat-assisted perpendicular recording.
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