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In this letter, the authors demonstrate isotropic Fe—Pt exchange-spring nanocomposite permanent
magnets with a soft magnetic phase fraction of greater than 0.5 with a coercivity of 6.5 kOe,
single-phase-like magnetic behavior, and an energy product of 25.1 MG Oe. Sub-10-nm Fe-Pt
clusters are formed with compositions in the two-phase FesPt and FePt regions. Intracluster
structuring on a scale of a few nanometers occurs after appropriate heat treatment. This ensures
full exchange coupling between the two phases, allowing greater soft magnetic phase fractions.
The results provide insight into developing high energy product nanostructured permanent magnets.
© 2006 American Institute of Physics. [DOI: 10.1063/1.2355448]

Exchange-spring nanocomposite magnetsl’2 captured the
attention of the permanent magnet community by providing
hopes of very high energy densities.** These materials com-
bine soft and hard magnetic phases of nanoscale dimensions.
Because of magnetic interactions across grain boundaries
or interfaces, the magnetic moments of one grain influence
the magnetic moments in a neighboring grain (“exchange
coupling”). The extent of the exchange coupling is governed
by the exchange length, which is approximately twice the
domain wall width of the hard magnetic phase or on the
order of <10 nm.” If the dimension of the soft magnetic
phase exceeds the exchange length, then some of the soft
magnetic phase remains uncoupled and can be easily rotated
with an applied external field, resulting in a loss in coerciv-
ity. The exchange coupling produces a very high remanent
magnetization because the soft phase remains aligned with
the neighboring hard magnetic grains, resulting in high en-
ergy densities, especially compared to single-phase materi-
als. However, energy densities achieved thus far have been
far less than projected.3 “ This is primarily the result of a loss
of coercive force caused in part by the exchange interactions
themselves and in part by uncoupled portions of the soft
magnetic phase. The strong exchange interactions lead to the
development of interaction domains and magnetic reversal
by domain expansion.6 Uncoupled soft magnetic regions act
as initiation sites for magnetic reversal.” For complete cou-
pling, the dimension of the soft phase must be on the order of
twice the domain wall width of the hard magnet phase (typi-
cally less than 10 nm). Nearly ideal exchange coupling be-
tween soft and hard magnetic phases has been effectively
realized by controlling the dimension of the soft magnetic
phase through the fabrication of soft magnetic nanoparticles
below 10 nm using chemical self—assembly8 and gas aggre-
gation9 approaches. Both approaches resulted in energy prod-
ucts above 20 MG Oe in Fe-Pt nanocomposites, more than
50% greater than expected for isotropic, single-phase nonin-
teracting FePt. However, the amount of soft phase fraction
was limited in both cases, which significantly constrains the
potential energy product.
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In this letter, we report the fabrication of two-phase
Fe;Pt/FePt nanoparticles that confine both the hard and soft
magnetic phases within individual nanometer-scale clusters.
The clusters are isolated from each other in a nonmagnetic
matrix, which effectively eliminates interparticle magnetic
interactions. This approach overcomes two significant diffi-
culties associated with exchange-spring permanent magnets.
Firstly, it ensures that the dimension of the Fe;Pt soft mag-
netic phase is below the critical size for complete coupling
(=10 nm). With complete coupling, the nanocomposite will
maximize the benefits of the exchange interactions, and mag-
netic reversal will occur simultaneously for both the hard and
soft magnetic phases. Secondly, magnetically isolating the
particles ensures that each nanoparticle magnetically reverses
independently from other nanoparticles, eliminating the
coupled demagnetization that significantly reduces coerci-
vity.6 The high energy product achieved here is a proof-of-
concept approach in designing nanostructured permanent
magnets, and shows that early projections of ultrahigh en-
ergy products that have thus far been unrealized may be
achievable.

Fe-Pt alloy clusters with compositions within the two-
phase Fe;Pt—FePt region were produced by inert gas con-
densation in a high-pressure Ar/He dc magnetron sputtering
chamber.'®" By alternately depositing clusters and nonmag-
netic SiO, or C from a second rf sputtering gun onto a Si
substrate, the Fe—Pt clusters were effectively isolated from
each other to minimize magnetostatic interactions. The com-
position of the clusters was determined by energy dispersive
x-ray spectroscopy (EDS) in the transmission electron micro-
scope on clusters deposited directly onto carbon support
grids. A nonconverged electron beam was used during EDS
analysis so that the composition determined by EDS repre-
sented an average composition of many clusters. Composi-
tions determined in this way matched expected trends in the
saturation magnetization as a function of Fe content. Control
clusters with compositions in the single-phase Fe;Pt and
FePt regions were also produced. Deposition rates were mea-
sured in situ using a quartz crystal thickness monitor. The
deposition rates were cross-checked ex situ using transmis-
sion electron microscopy by determining the number of clus-
ters deposited per unit area per time. Deposition rates were

© 2006 American Institute of Physics
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FIG. 1. Transmission electron micrograph of Fe—Pt alloy clusters produced
by gas aggregation. The average size is 6 nm.

consistent between the two measuring methods. Thus, the
mass of magnetic material (clusters) deposited was deter-
mined. Normalizing the magnetic data to the mass of clusters
resulted in magnetization values that fit within expected
trends with respect to composition, again suggesting that our
determination of deposition rates was accurate. The samples
were heat treated using rapid thermal annealing in an Ar
atmosphere. Characterization was completed by transmission
electron microscopy (TEM) using a JEOL2010 operating at
200 kV, and samples were made by depositing clusters di-
rectly onto a carbon support membrane. Characterization
was also done using x-ray diffraction using Cu K« radiation
with a Rigaku 6- 6 diffractometer, and magnetic properties
were measured by superconducting quantum interference de-
vice magnetometry at room temperature using a Quantum
Design magnetic property measurement system. The x-ray
data were refined using SIROQUANT, a Rietveld refinement
software package.

TEM revealed that the as-deposited clusters were ap-
proximately 6 nm in diameter (Fig. 1). The deposition con-
ditions led to some particle-particle contact, but the clusters
are largely isolated. The as-deposited Fe—Pt clusters formed
in the Fe-Pt solid-solution face-centered-cubic structure
(Al). Thus, heat treatment was required to form the Fe;Pt
L1, and FePt L1, structures. The heat treatments used in this
study were multistage, starting at 580 °C for 10 min, then
550 °C for 30 min, and finally 600 °C for 10 and 20 min.
X-ray diffraction data revealed the presence of both the or-
dered Fe;Pt and FePt phases at the completion of the heat
treatment process for compositions in the two-phase region,
while compositions in the single-phase FePt region consisted
of only the L1, structure (Fig. 2). The two phases are best
identified in the two-theta region around the {002} diffraction
peaks. The tetragonal distortion accompanying the formation
of the L1, structure results in the splitting of the {002} dif-
fraction peak into {200} and (002) components. The {002}
diffraction peak from the ordered Fe;Pt structure lies be-
tween (200) and (002) L1, diffraction peaks. Excellent
agreement between the experimental and calculated diffrac-
tion patterns was observed if both ordered Fe;Pt and FePt
structures were included [Figs. 2(a) and 2(b)]; when a pattern
was calculated considering only the FePt structure, an obvi-
ous peak was observed in the difference pattern, which co-
incided with the {200} peak of the ordered Fe;Pt structure
[Fig. 2(c)]. The diffraction data from clusters in the single-
phase FePt composition region showed excellent agreement
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FIG. 2. (a) X-ray diffraction scan of the two-phase Fe-Pt alloy clusters and
the Rietveld fit (solid line) using both FePt and ordered Fe;Pt. The line
below the scan is the difference pattern between the experimental data and
Rietveld calculation. (b) X-ray diffraction data showing the {200} and (002)
FePt diffraction peaks (— - —- —-— ) and the {002} Fe;Pt diffraction
peak (-----). (c) X-ray diffraction scan of the two-phase Fe-Pt alloy clusters
and the Rietveld fit (solid line) using only the FePt phase. Note the emer-
gence of a peak in the difference pattern, which corresponds to the {002}
Fe;Pt peak. (d) X-ray diffraction scan of single-phase FePt clusters and the
Rietveld fit (solid line) using only the FePt phase.

with the calculated data when considering only the FePt
phase [Fig. 2(d)]. X-ray diffraction also allows a quantifiable
measure of the volume fraction of phases present in a
material;13 here, it was determined that the clusters contained
55 vol % of the ordered Fe;Pt phase at a composition of
33 at. % Pt. Thermal magnetic analysis also corroborated the
two-phase nature by revealing the Curie temperatures for
both ordered Fe;Pt and FePt.

The nanostructure of the heat-treated clusters was inves-
tigated using TEM (Fig. 3). While some coalescence has
occurred, the clusters remained largely isolated, limiting the
magnetostatic interactions. The clusters also display internal
contrast that is a characteristic of a number of structural fea-
tures such as twins and antiphase boundaries, both of which
are likely in these materials given the ordering transforma-
tion. Because of the similarities in the crystal structures and
the scale of the structure, it is difficult to distinguish between
the ordered FesPt and FePt phases. Li et al.'* used high
resolution electron microscopy to distinguish Fe;Pt and FePt.
Also notable in their study was that the contrast between the
two phases was not sharp. In Fig. 3, there are regions with
mottled contrast on a scale of 1-3 nm that are similar in
nature to the phase boundaries observed in Ref. 14. High
resolution electron microscopy is necessary to more clearly

FIG. 3. Transmission electron micrograph of heat-treated Fe—Pt clusters
with a composition (Feg;Pts3) within the two-phase region.
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FIG. 4. Hysteresis measurements for two-phase Fe—Pt clusters after differ-
ent heat treatments showing the development of coercivity. The solid line
corresponds to the 580 °C/10 min heat treatment, the dashed line after the
additional heat treatment at 550 °C for 30 min, and the dotted line after the
final heat treatment at 600 °C for 20 min.

determine the phase separation in our samples. However,
given the strong magnetic exchange coupling observed in
our samples (see below), it is most likely that the clusters are
internally phase separated.

The development of coercivity differed greatly between
the single-phase and two-phase Fe—Pt clusters. The single-
phase FePt clusters rapidly transformed to the hard magnetic
L1, structure, resulting in a high coercivity of 10 kOe after
heat treatment at 580 °C for 10 min, which did not change
with subsequent heat treatment. However, the coercivity of
the two-phase clusters was less than 2 kOe after the initial
heat treatment. Additional heat treatments, however, resulted
in significant improvement in the coercivity of the two-phase
clusters, which reached a maximum of 6.5 kOe, extraordi-
narily high for a structure containing more than 50% soft
magnetic phase (Fig. 4). The development of coercivity in
the two-phase clusters requires phase separation with (rela-
tively) long diffusion distances, especially compared to the
ordering process, and thus more extensive heat treatments
were required to induce this phase separation. An analysis of
the diffusion proﬁle15 reveals diffusion lengths of ~3 nm at
600 °C for 10 min, reasonably consistent with the scale of
the features observed by TEM in heat-treated clusters.

The hysteresis measurements of the two-phase clusters
show that the magnetization changes uniformly in the second
quadrant, reminiscent of a single-phase material (Fig. 5).
This indicates that there is effective exchange coupling be-
tween the hard and soft phases within each cluster. In addi-
tion, the remanence ratio, M,/M,, of 0.7 is well above 0.5,
the value expected for isotropic, noninteracting structures
given by the Stoner-Wohlfarth model.'® Note that the in-
creased remanence is not due to crystallographic texture, as
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FIG. 5. Hysteresis measurements for optimally heat-treated (a) two-phase
Fe-Pt clusters and (b) single-phase FePt clusters.
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the x-ray diffraction peak intensity of the {200} FePt peaks
was twice that of the (002) of FePt, as expected. Conversely,
the remanence ratio of the single-phase FePt clusters was
0.5, revealing that these represent noninteracting particles ac-
cording to the Stoner-Wohlfarth model.

The maximum energy product after optimum annealing
of the two-phase clusters reached 25.1 MG Oe at 33.1 at. %
Pt. This is more than twice that achieved for the single-phase
FePt (11.8 MG Oe), and more than 25% higher than that
reported previously for Fe;Pt/FePt (20.1 MG Oe) (Ref. 7)
and Fe/FePt (20.7 MG Oe) (Ref. 8) nanocomposites. The
energy product of the single-phase FePt clusters was reason-
ably close to the theoretical value of 12.4 MG Oe for iso-
lated, noninteracting magnetic particles. This shows that our
technique for estimating cluster mass is reasonable, and may
in fact slightly overestimate the amount of clusters in a given
sample. As a result, the energy products reported here are
reasonable and on the conservative side.

In summary, the fabrication of two-phase clusters that
display intracluster exchange coupling and excellent mag-
netic properties has been demonstrated. After appropriate
heat treatment, magnetic measurements suggested that phase
separation to form a mixture of soft magnetic ordered Fe;Pt
and hard magnetic FePt occurred within individual clusters.
The magnetic measurements revealed effective exchange
coupling, high remanence ratios, a coercivity of 6.5 kOe, and
energy product of 25.1 MG Oe. The high soft magnetic
phase fraction and energy product are both significantly
higher than previously achieved. Our approach provides in-
sights into how the early projections of very high energy
products for exchange-spring permanent magnets can be re-
alized. The key will be to construct materials and systems
that have nanoscale features to ensure effective exchange
coupling but that have particles or grains that reverse inde-
pendently of one another.

This work was supported by the National Science Foun-
dation through the Materials Science and Engineering Center
QSPINS at the University of Nebraska.
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