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Nucleation-type magnetization behavior in FePt (001) particulate films
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Nucleation-type magnetization behavior is reported in sputtered FePt (001) films with an island
structure, where the particles show a multiple-domain structure. A large coercivity H. of more than
50 kOe is achieved at an initial applied field of only 6 kOe. The magnetization behavior and the
magnetic domain observation indicate clearly that domain walls are wiped out completely at a low
applied field, and once domain walls are wiped out, it is hard to nucleate reversed domains in the
particles, resulting in high H.. The remarkable nucleation-type behavior of magnetization is also
found to give rise to anomalous minor loops when the applied magnetic field is alternated around
zero and increased gradually. © 2006 American Institute of Physics. [DOIL: 10.1063/1.2169878]

I. INTRODUCTION

The technical magnetization process of hard magnets,
i.e., the materials with high magnetic anisotropy, has been
investigated for a long time,"? and it is generally classified
into two types: the nucleation type, where the coercive force
H is dominated by the nucleation of reversed domains as
observed for NdFeB-type magnets, and the pinning type,
where H( is dominated by the pinning of domain walls as
observed for Sm,Co;;-type magnets.3 Not only in pinning-
type but also in nucleation-type magnets, an initial applied
field H, required to fully magnetize the material to obtain
sufficiently high H, is usually comparable to H,., although
the origins for H; and H, arise from different physical phe-
nomena in nucleation-type magnets. Recently, L1,-ordered
FePt alloy with high magnetocrystalline anisotropy (K,
=7.0% 107 ergs/cc) has attracted much attention,“f22 since
they are believed to be good candidates for future magnetic
devises such as next-generation ultrahigh-density magnetic
storage media and biasing nanomagnets. Therefore, a lot of
studies have focused on the fabrication of L1-ordered FePt
thin films by conventional deposition tec:hniques“f21 and of
nanoparticles by chemical synthesis.22 However, the magne-
tization process for highly coercive FePt films has not fully
been investigated to date. Previously, we reported that a high
coercivity of 70 kOe was successfully achieved at room tem-
perature for FePt particulate films sputtered on MgO (001)
substrates.”’ These films had epitaxially grown a highly
L1y-ordered structure. In this paper, we demonstrate a re-
markable nucleation-type behavior of magnetization showing
H;<H_, in an assembly of almost defect-free and perfectly
aligned FePt nanoparticles with a multiple-domain structure.
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Il. EXPERIMENTAL PROCEDURE

The samples were prepared by cosputtering Fe and Pt
directly onto single-crystal MgO (100) substrates using an
UHV-compatible dc-sputtering apparatus (base pressure of
~5X 1071 Torr). The targets were commercial products
with purities higher than 99.99 at. % for Fe and 99.9 at. %
for Pt. The typical growth rate for FePt was 0.12 nm/s. The
substrates were attached to a rotating table and heated up to
780 ° C during the deposition. The compositions of deposited
films were determined to be Fes,Ptsg by electron probe x-ray
microanalysis (EPMA). The morphology of the FePt films
was controlled by varying the nominal thickness (zy)."> In
this work 7y was varied in the range of 1-40 nm, where the
films show an island growth and the average particle size
increases with #y. The structural analysis was performed by
transmission electron microscopy (TEM) and x-ray diffrac-
tion (XRD) with Cu K« radiation. Magnetization curves
were measured by a superconducting quantum interference
device (SQUID) magnetometer, and in some cases, a vibrat-
ing sample magnetometer (VSM) equipped with a supercon-
ducting magnet (maximum magnetic field of +140 kOe) at
temperatures of 4.5 and 295 K was used. The magnetic do-
main structure was observed by magnetic force microscopy
(MFM) in applied fields up to +6 kOe.

lll. RESULTS AND DISCUSSION

The FePt nanoparticles were epitaxially grown with the
cube-cube orientation relationship with the MgO substrate,
showing the ¢ axis perpendicular to the substrate plane. For
example, Fig. 1 shows TEM images for ty=20 nm. The dis-
tribution of particle sizes is bimodal, consisting of larger
ones with the typical size of about a few hundreds of nanom-
eters and smaller ones with {001} facetted morphology
whose size ranges from 10 to 50 nm in side [Fig. 1(a)]. The
heights of large particles are almost the same (~25 nm) with
a perfectly flat (100) surface with small {001} facets, as seen
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FIG. 1. TEM images of a FePt film with nominal thickness #y=20 nm.
In-plane bright field image (a), cross-sectional image (b), and high-
resolution cross-sectional image (c).

from the cross-sectional image [Fig. 1(b)]. The enlarged
cross-sectional image clearly shows the contrast correspond-
ing to the alternate stacking of Fe and Pt monatomic layers in
the [001] direction of the L1,-ordered structure [Fig. 1(c)].
Although these large particles are formed by the coalescence
of small particles, no structural defects such as twins can be
seen and the surfaces of particles are atomically flat, indicat-
ing the formation of defect-free, perfectly aligned, single-
crystalline FePt nanoparticles.

Figure 2 shows H as a function of #y at room tempera-
ture [Fig. 2(a)] and at 4.5 K [Fig. 2(b)]. H- was obtained
from the magnetization curves measured with the applied
magnetic field perpendicular to the substrate plane using a
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FIG. 2. Coercivity Hc as a function of nominal thickness ty at room tem-
perature and 4.5 K. The lines are guides to the eye.
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FIG. 3. (Color online) Magnetization curves of FePt films with nominal
thicknesses ty=>5 nm (a) and 25 nm (b). Initial magnetization curves are also
indicated. The difference between the magnetization processes in single-
domain (SD) and multiple-domain (MD) particles is clearly demonstrated.

VSM equipped with a superconducting magnet. Huge H,
values of 70 kOe at room temperature and of 105 kOe at 4.5
K were obtained for ty=5 nm.”' Both at room temperature
and at 4.5 K, H decreases gradually with ¢y. However, H,
keeps large values (42 and 59 kOe at room temperature and
at 4.5 K, respectively), even for £y=40 nm. It has been found
from MFM observation'’ that most of the particles have the
single-domain (SD) state for zy<5 nm, where the particle
sizes are a few tens of nanometers or smaller. A rapid de-
crease of H. for ty<3 nm at room temperature is caused by
poor chemical order in small particles with diameters less
than a few nanometers.'>? As ty increases, multiple-domain
(MD) particles appear with increasing average size, and most
of the particles have the MD state for 1y,=25 nm, where the
particle sizes are typically of the order of hundred of nanom-
eters. SD and MD particles are mixed in the intermediate
region between fy=5 and 25 nm. The difference between the
magnetization processes in SD and MD particles is clearly
demonstrated by the initial magnetization curves starting
from the demagnetized state. For the SD particles, the initial
magnetization increases slowly with the applied magnetic
field and becomes hard to saturate [Fig. 3(a)], indicating that
the magnetization process is dominated by magnetization ro-
tation, which is mostly incoherent rather than coherent. The
very same processes determine the magnetization variation
in the initial state (red curve in Fig. 3) and after saturation
(hysteresis cycle in black). For the MD particles, on the other
hand, the initial magnetization increases steeply and satu-
rates easily [Fig. 3(b)], indicating that the magnetization pro-
cess is dominated by domain-wall displacement. In other
words, a typical nucleation-type behavior of magnetization is
observed in the MD particles.

It is well known that usually a high magnetic field com-
parable to H is required to fully magnetize hard magnetic
materials even in the case of the “nucleation-type” magneti-
zation process.23 In other words, a high magnetic field com-
parable to H. is required to wipe out domain walls com-
pletely to obtain sufficiently high H.. However, the FePt
nanoparticles studied in this paper are clearly different. Fig-
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FIG. 4. (Color online) Magnetization curves for nominal thickness zy
=25 nm, with the varying initial applied field (H;,) from the virgin state. Hj,
is 2 kOe (a), 3 kOe (b), 4 kOe (c), 5 kOe (d), and 6 kOe (e). The magnetic
field is first increased to Hj,=+2 kOe from the virgin state (arrow 1), then
reversed to =55 kOe (arrow 2), again increased through zero to +55 kOe
(arrows 3 and 4), and reversed again through zero to —55 kOe (arrows 5 and
6).

ure 4 shows the magnetization curves for 7y=25 nm with
various initial applied fields (H;,=2, 3, 4, 5, and 6 kOe) from
the virgin state. In the case of H;,=2 kOe [Fig. 4(a)], most of
the particles reverse the magnetization easily at low mag-
netic fields of a few Kilo-oersted when the magnetic field is
reversed [arrow 2 in Fig. 4(a)]. With increasing H,, the frac-
tion of the particles showing easily reversed magnetization
decreases [Figs. 4(b)-4(d)], and finally it disappears at H,,
=6 kOe [Fig. 4(e)]. This result indicates that only 6 kOe is
enough to fully magnetize the sample to obtain a high H,
value of more than 50 kOe. In other words, domain walls are
wiped out completely from each particle at a low magnetic
field. Then, it becomes very hard to nucleate reversed do-
mains; a high magnetic field becomes necessary for a mag-
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FIG. 5. (Color online) Magnetization curves including minor loops with the
increasing maximum applied fields H,,,,. Minor loops for a FePt film with
nominal thickness 7y=25 nm as H,,,, is increased from 1 to 55 kOe gradu-
ally (a) and enlarged minor loops at a small magnetic-field region (b) which
is marked in (a).

netization reversal. This remarkable nucleation-type behavior
is caused by two possible origins: one is the ideal structure
with defect-free, perfectly aligned, monocrystalline FePt
nanoparticles, leading to a free domain-wall movement, and
the other is the reduced dipolar interaction between FePt
nanoparticles due to larger interparticle distances than those
in sintered bulk rnagnets.zép26 As seen from the cross-
sectional TEM image, the particles are fully ordered to the
terminal surface layer of the particle, so no low K, region is
expected at the surface, unlike imperfect grain boundaries of
Nd,Fe 4B sintered magnets.

We find that the nucleation-type behavior leads to
anomalous minor loops when they are measured upon in-
creasing the maximum applied field H,,,, gradually. The mi-
nor loop is the magnetic hysteresis loop measured with the
applied field that is lower than the saturation field. Starting
from the virgin demagnetized state, the magnetization of mi-
nor loops usually increases with H ... The minor loops for
the sample with #y=25 nm are shown in Figs. 5(a) and 5(b)
with gradually increasing H,,,, from 1 to 50 kOe. When H,,,
is small (=<3 kOe), the magnetization increases with H,,,.
When H,,,, exceeds 3 kOe, however, the magnetization starts
to decrease with H,,,., showing a clear contrast to the general
expectation. The magnetization becomes a small constant
value independent of the applied field for H,,,,=6 kOe [Fig.
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FIG. 6. (Color online) Atomic force microscopy (AFM) images (a) and
magnetic force microscopy (MFM) images superimposed with AFM images
[(b)—(0)] for a FePt film with #y=25 nm, when the applied magnetic field is
alternated around zero and increased gradually. Applied magnetic fields are
(b) 0 (virgin state), (c) +1 kOe (d) -1 kQOe, (e) +2 kOe, (f) -2 kOe, (g)
+3 kOe, (h) =3 kOe, (i) +4 kOe, (j) —4 kOe, (k) +5 kOe, (1) =5 kOe, (m)
+6 kOe, (n) =6 kOe, and (0) +10 kOe.

5(b)]. The almost constant magnetization is maintained until
H .« reaches 20 kOe, and the magnetization starts to in-
crease again for H,,, =20 kOe.

This anomalous behavior of the minor loops is explained
as follows: In the minor loops with small maximum fields,
the fraction of domains with the same direction as the ap-
plied field increases with the applied field due to the domain-
wall displacement in MD particles. Therefore, the magneti-
zation normally increases with H,,,. When domain walls are
wiped out from a particle and the particle becomes SD by
increasing H,,,, the magnetization direction of the particle
does not change until H,,, exceeds a nucleation field. Be-
cause the minor loops are measured by alternating the ap-
plied field before the magnetization direction are completely
aligned to one direction, the magnetization vectors of some
particles are upward and those of other particles are down-
ward, resulting in a lower value than the saturation magneti-
zation. We can actually see the magnetic domain structure
and the transition from the MD to the SD state in a particle
by a MFM observation in applied fields. Figure 6 shows
MFM images superimposed with atomic force microscopy
(AFM) images when the applied magnetic field is alternated
around zero and increased gradually. In the virgin state
[H;,=0 kOe, Fig. 6(b)], contrasting bright and dark regions
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corresponding to the magnetization directions upward and
downward, respectively, are clearly seen in a particle, show-
ing the MD state. When a magnetic field of 1 kOe is applied
in the upward direction (H;,=+1 kOe; the positive sign is
defined as the upward direction), the bright region corre-
sponding to the domains with an upward magnetization is
expanded and the dark region corresponding to the domains
with a downward magnetization shrinks [Fig. 6(c)]. When
the magnetic field is reversed H;,=-1 kOe; on the other
hand, the dark region is expanded and the bright region
shrinks [Fig. 6(d)]. Now let us take a closer look at the par-
ticle indicated by the arrow. The number of bright and dark
stripes in the particle corresponds to that of domains. The
number of domains in the particle decreases gradually with
the increasing applied field [H;, < +4 kOe, Figs. 6(c)-6(1)],
and finally the particle entirely turns dark at H;,=—-4 kOe
[Fig. 6(j)]. In other words, the MD particle changes into a
SD particle with a downward magnetization. Likewise, an-
other particle changes into a SD particle with an upward
magnetization. Consequently, the sample consists of SD par-
ticles with upward and downward magnetization directions.
For H;,= +5 kOe or H;,<-5 kOe, no change in MFM im-
ages is seen, indicating that each particle keeps the same
magnetization direction [Figs. 6(k)—6(0)]. The unsaturated
sample containing upward and downward magnetization
vectors gives a lower magnetization, which is the difference
between the fractions of the upward and downward particles.

IV. CONCLUSION

The present study has demonstrated the nucleation-type
behavior of magnetization: a large H- of more than 50 kOe
is achieved at an initial applied field of only 6 kOe in FePt
nanoparticles with a multiple-domain structure. The magne-
tization behavior and the magnetic domain observation indi-
cate clearly that domain walls are wiped out completely at a
low applied field. Once domain walls are wiped out, the
nucleation of the reversed domains becomes difficult in the
particles, resulting in high H.. A smooth displacement of
unpinned domain walls and high nucleation field values of
reversed domains are essential for the remarkable nucleation-
type behavior. These which are associated with the ideal
structure of defect-free and perfectly aligned FePt nanopar-
ticles that are epitaxially grown on MgO single-crystal sub-
strates. In addition, the dipolar interaction between neighbor-
ing particles is thought to be reduced in this island structure,
compared to that in well-known sintered bulk magnets. We
have also found that the nucleation-type behavior leads to
anomalous minor loops when they are measured upon in-
creasing the maximum applied field H,,, gradually. Al-
though the assembly of MD particles with a high H is not
suitable for rewritable ultrahigh-density magnetic recording
media, this type of film may be useful as an “eternal” mag-
netic recording media, which are easily magnetized at a low
magnetic field using the existing magnetic recording heads
for writing but are hardly demagnetized by any environmen-
tal disturbance such as oxidation, thermal agitation, and ex-
ternal magnetic field. Although the bit information of the
present high-density magnetic recording media is thought to
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become unstable only after ten years, the easily magnetized
but hardly demagnetized films can maintain the information
once they are written at a low magnetic field.
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