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Magnetization reversal in Fe48Pt34B18 magnetic foils∗
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Exchange-spring magnet L1-FePt/(Fe2B+α-Fe) is fabricated by flash annealing a melt-spun Fe48Pt34B18 foil. A

coercivity of 8500 Oe (1 Oe = 79.5775 A/m), squareness (Mr/Ms) of 0.70, saturation magnetization of 10.2 kGs (1 Gs =

10−4 T) and an effective anisotropy Keff = 2.0× 107 ergs/cm3 are obtained. A two-step magnetization reversal feature

is characterized in this paper. An exchange bias phenomenon is also observed in a low saturation field.
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1. Introduction

Exchange-spring magnets[1] (ESMs) have been
studied for decades since the seminal work was re-
ported by Coehoorn et al.,[2] in which a melt-spun
Nd4.5Fe77B18.5 alloy showed desirable hard magnetic
properties although it contained an 85% volume ra-
tio of magnetically soft phases (Fe3B and α-Fe). Such
magnets possessed much higher remanence and lower
cost than those of their single-phase counterparts, and
were expected to make a breakthrough in the enhance-
ment of the energy product, (BH)max. However, the
obtained (BH)max was still significantly lower than
that predicted by theory[3] in spite of a huge obtain-
able isotropic remanence ratio. The main reason was
considered to be that the proposed heterostructures[1]

(uniformly dispersed, crystallographically coherent,
and well-oriented ferromagnetic nanograins) were im-
possible to be produced by melt-spinning,[2,4,5−7] me-
chanical milling,[8−10] sputtering,[11−13] and even self-
assembling techniques[14,15] which could control con-
stituents at the nanometer scale.

The magnetic properties, related to the unique
magnetization progresses in ESM, strongly depend on
the complicated microstructure. According to micro-
magnetism theory,[16] the total free energy of ESM is
given as follows:

Etot =
∫ [

A(grad m)2 + Ean(m) − Hex · J

− 1
2
Hd · J

]
dV. (1)

Here, A(grad m)2, Ean, −Hex · J , and −Hd · J/2
are the exchange, the anisotropy, the external field,
and the stray field energies, respectively; m is the
unit vector of the magnetization vector J = Jsm.
Note that the magnetoelastic energy is neglected in
the above equation. Minimum energy should corre-
spond to a metastable magnetic state at an applied
field Hex. The anisotropy energy Ean includes all the
energies contributed from crystal and structural mag-
netic anisotropies. Especially, the structural part, in-
cluding the interface anisotropy originated in the re-
duced symmetry of the atomic environment around
the grain boundary and the exchange anisotropy due
to the exchange coupling between hard and soft mag-
netic phases, results in hardness of the soft phase. On
the other hand, the stray field energy −Hd·J/2 caused
by spatial fluctuation of the compositions and dis-
continuity of magnetization at grain boundaries gives
rise to a very complicated magnetic structure. Based
on the theory, dependence of reversal field on the
soft phase thickness was discussed with an oriented
nanostructure,[17,18] i.e., the reversal filed was iden-
tical with the nucleation field of the hard phase for
soft phase thickness thinner than the hard magnetic
Bloch wall width, and then decreased rapidly with the
further increase of the soft phase thickness (decreas-
ing with the soft phase thickness to –1.75 power).
It was shown that the dimension of the soft phase
was the most important factor in the sense of its in-
fluence on magnetic property. However, this model
was not able to figure out the magnetization rever-
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sal mechanism. In a practical ESM the strong inter-
granular exchange interaction results in a magnetic
vortex structure[19] to dramatically reduce the stray
field energy. This nonuniform magnetic structure in-
curs the switch of the hard phase magnetization at
much lower field than Bloch wall movement. The low
coercivity was proved to be attributed to this nature
in strong exchange-coupling systems—both multiple-
phase and single-phase. Here, magnetic properties of
an L1-FePt/(Fe2B+α-Fe) nanocomposite are studied
in order to obtain an insight into magnetization re-
versal process appearing in ESM. We choose such a
system because the ordered face-centred tetragonal
(FCT) FePt phase indicates extremely large magne-
tocrystalline anisotropy (∼7×107 ergs/cm3) so that
there is a large field range for observing magnetiza-
tion evolution in the soft phase before the hard phase
switching.

2. Experiment

Ingot of FePtB, using metals of Pt with a pu-
rity of 99.95% and FeB alloy (B 13 wt%) balanced
with electrolytic iron, was prepared by arc melting
several times to obtain a homogeneous composition
and melt spun at a wheel speed of 30 m/s in an ar-
gon atmosphere. The as-spun foils were subsequently
flash-annealed at 823 K for 10 min under argon protec-
tion. The stoichiometric composition was evaluated
to be about Fe48Pt34B18 by energy-dispersive spec-
troscopy. The X-ray diffraction pattern indicated that
the sample was constituted of L1-FePt, Fe2B and α-Fe
phases. Microstructure was observed by transmission
electron microscopy (TEM). Domain structure was
studied by magnetic force microscopy (MFM). The
hysteresis loop was measured with superconducting
quantum interference device (SQUID).

3. Results and discussion

Figure 1 shows the bright field TEM image
(Fig. 1(a)) and the high resolution TEM image
(Fig. 1(b)) of a grain with white contrast. It is found
that the FePt gains (white contrast) display trun-
cated polyhedra with sharp edges and are randomly
dispersed in a gray matrix (Fe2B+α-Fe). The mean
grain size counted with Digital Micrograph is about
60 nm, but a large size distribution is clearly observed.
The crystal structure can be confirmed by the elec-
tron diffraction pattern (see the inset of Fig. 1(a)) to

be chemically ordered face-centered tetragonal (FCT)
phase with a space group of P4/mmm and lattice pa-
rameters of a ≈ 0.385 nm, and c ≈ 0.371 nm. The high
resolution TEM image shows that each FePt grain has
a single crystal structure.

Fig. 1. Bright field TEM image (a) and the high resolu-

tion TEM image (b) of a grain with white contrast. The

inset shows the crystal structure that can be confirmed

by the electron diffraction pattern from a white contrast

grain.

Domain structures were investigated by MFM at
room temperature in air, using the tapping/liftTM

mode with a magnetic tip of microfabricated Si can-
tilever coated by CoCr layer (several tens of nanome-
ters in thickness). The tip scanning height for MFM
recording was maintained at 100 nm. Figures 2(a) and
2(b) are the MFM images recorded on the free side and
the wheel side of the foil, respectively. The magnetic
structures can be characterized by spike domains,
which are always formed in magnetic heterostructures
with huge magnetocrystalline anisotropy due to the
compromise between demagnetization energy and do-
main wall energy. The domain size (∼300 nm) is much
bigger than the grain size, indicating a strong inter-
granular exchange coupling. It is also found that the
domains on the free side are larger than those on the
wheel side. We attribute it to the grain size differ-
ence between both sides resulting from the variation
of cooling rate in the melt spinning process.
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Fig. 2. MFM images recorded on the free side (a) and the

wheel side (b) of the foil, showing spike domain structure.

The domain size is about 300 nm.

Figure 3(a) shows the hysteresis loop measured
by applying a field in the foil plane using SQUID at
300 K. A coercivity of 8500 Oe (1 Oe = 79.5775 A/m)
is observed and squareness (Mr/Ms) is estimated at
0.70, much higher than the Stoner–Wohlfarth limita-
tion (0.50) for isotropic magnetic materials. The satu-
ration magnetization can be calculated to be 10.2 kGs
(1 Gs = 10−4 T) by the law of approach to satura-
tion from the initial magnetization curve of the sam-
ple saturated up to 70 kOe. The effective anisotropy
Keff = 2.0 × 107 ergs/cm3 is then obtained from the
fitting coefficient of 1/H2. It indicates that the FePtB
foil has very good hard magnetic property. The mag-
netization variation as a function of time is recorded
under a reversal field of 5 kOe for the foil saturated
at 70 kOe as shown in Fig. 3(b). Although the phe-
nomenon of magnetic viscosity in exchange coupling
system is still a question to be answered, the logarith-
mic time decay of magnetization is still observed in our
sample. Such a time dependence, which arises from
thermal agitation of magnetic moments over energy
barrier with a broad distribution, demonstrates that
lots of structural defects in the foil, such as the grain
size nonuniformity, the spatial distribution inhomo-
geneity of the L1-FePt phase, some interface defects,

etc., induce a fluctuation of intergranular exchange in-
teraction, resulting in a wide distribution of switching
fields. Note that the magnetization hops around the
fitting curve (ranging from 0 to 1000 s) reflect a bal-
ance between the thermal agitation and the magnetic
interaction from neighbour grains, which are always
observed in ESM systems.

Fig. 3. (a) Hysteresis loop measured with applied field

in the foil plane at 300 K, (b) the magnetization varia-

tion as a function of time recorded under a reversal field

of 5 kOe for the foil saturated at 70 kOe. The exper-

imental data are fitted by the function of M(t, H) =

M(0, H)[1 − S(H) ln(t)].

A foil with initial magnetic state was saturated
successively from 1 kOe to 30 kOe. A series of loops
was recorded as shown in Fig. 4. It is found that the
loops are asymmetric at low saturation fields as seen
in Figs. 4(a)–4(c), ∆H = 129 Oe and 571 Oe at the
saturation field of 1 kOe and 6 kOe, respectively. The
loop displacement to the negative field is enhanced
with Hs increasing up to about 10 kOe and then drops
off till Hs is over 30 kOe (Fig. 4(d)). The saturation
remanence M+

r is larger than the reverse saturation
remanence M−

r under a low saturation field at which
magnetization rotation of the hard grain does not take
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place yet, indicating part of soft magnetic moment is
irreversible due to the pinning effect of the hard grains.
The difference ∆Mr = M+

r −M−
r produces an inner ef-

fective field along the direction of the saturation field
and results in a loop displacement. Such exchange-
bias behaviours just indicate the strong exchange in-
teraction between high anisotropy phase L1-FePt and
the soft phase (Fe2B+α-Fe). A “shoulder” on the de-
magnetization curve of Hs = 6 kOe as arrowed in
the figure, shows a two-step magnetization reversal
feature in the whole demagnetization process, which

can be explicitly distinguished in curves of dM/dH

against H as shown in Fig. 4(f). The curves with
Hs > 7 kOe indicate two cusps at around –880 Oe
(Hs = 1 kOe) and –7 kOe corresponding to the switch-
ing of the soft phase and the hard phase, respectively.
It is worth while noting that the first cusp becomes
smaller and shifts to the high field with Hs increas-
ing from –880 Oe for Hs = 1 kOe to –3000 Oe for
Hs = 30 kOe. The high saturation field seems to in-
duce a much more collective magnetization reversal
than the low field does.

Fig. 4. Hysteresis loops obtained with saturation magnetic fields of 1 kOe (a), 6 kOe (b), 10 kOe (c), and 30 kOe (d),

(e) a series of loops successively recorded for a foil with different saturation fields from 1 kOe to 30 kOe, and (f) curves of

dM/dH against H showing two cusps corresponding to the switching of the soft phase and the hard phase.
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Dependence of the exchange-bias field, HE, on
saturation field is plotted in Fig. 5(a). Correspond-
ing to the two magnetization reversal processes men-
tioned above, HE shows two tendencies with the sat-
uration field. For Hs < 7 kOe where only the soft
phase reversal takes place, HE increases with satu-
ration field increasing, i.e., the more soft phase take
part in the magnetization reversal process with a high
applied field, the larger will the irreversible magneti-
zation ∆Mr pinned by the L1-FePt matrix be. How-
ever, such an L1-FePt scaffolding collapses due to the
fact that some hard grains switch in the high field
over 7 kOe. The reversed L1-FePt grains induce mag-
netization overturn of the neighbour soft grains and
thereby reduce ∆Mr. So, a downward tendency of HE

with the saturation field is observed when Hs > 7 kOe.
The linear dependence of HE on Hs infers a broad dis-
tribution of switching field of the hard phase, which
is in good agreement with the magnetic viscosity re-
sult. After the foil was saturated at 70 kOe, a dc
field H in the opposite direction was subsequently ap-
plied and the dc demagnetization remanence Md(H)
was recorded to describe the irreversible magnetiza-
tion change induced mainly by the hard phase switch-
ing. Figure 5(b) shows the plot of [Mr−Md(H)]/2Mr

versus H. A linear dependence of [Mr −Md(H)]/2Mr

on H is observed at low applied fields, while the irre-
versible remenance reaches a saturation value when H

is over 30 kOe after a rapid increase. It also infers two
different reversal processes involed. The experimen-
tal data are fitted by the theoretical curve sin θ versus
Hno/ cos θ according to the Kondorskij model[20] of
completely inhomogeneous rotation, where Hno is the
critical field for irreversible magnetization reversal of
the hard grains, θ is the angle between the magnetic
field and the easy axis. Hno = 9.8 kOe is then ob-
tained. According to Ref. [1], the critical field Hno for
an isotropic system is given as follows:

Hno ≈ Keff

µ0Ms
. (2)

The effective anisotropic constant Keff is esti-
mated to be 1.12 × 107 ergs/cm3, which is slightly
smaller than that estimated by the law of approach
to saturation. This deviation may results from the
approximation of the model.

Fig. 5. (a) Dependence of the exchange-bias field on sat-

uration field, and (b) the plot of [Mr − Md(H)]/2Mr =

−∆Mirr/2Mr versus H. The experimental data are fitted

by the theoretical curve sin θ versus Hno/ cos θ. Hno =

9.8 kOe is obtained.

In conclusion, exchange interaction between the
L1-FePt matrix and the (Fe2B+α-Fe) soft phase in
Fe48Pt34B18 foil results in two magnetization reversal
processes, one is only the soft phase reversal taking
place in an external field below 7 kOe and another
one involves hard grains switching in a high field. A
coercivity of 8500 Oe squareness (Mr/Ms) of 0.70, sat-
uration magnetization of 10.2 kGs, and an effective
anisotropy Keff = 2.0× 107 ergs/cm3 is obtained. An
exchange bias phenomenon is observed due to the irre-
versible magnetization change of the soft phase mag-
netic moment in the demagnetization process.
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