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The paper presents thermomagnetic features and characterization of magnetic interactions in the
Fe51Co12Si16B8Mo5P8 metallic glass after annealing at 798 K for 1 h. The first-order reversal curve analysis
was used to investigate hysteresis curves which provide a more precise estimation of the strength of interactions.
The presence of magnetically distinct regions was revealed.
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1. Introduction

Recently, amorphous Fe–Si–B–P–Cu soft magnetic
material (NANOMET) [1, 2] as well as alloys containing
Co atoms [3] are intensively studied. They exhibit inter-
esting soft magnetic characteristics, i.e. high magnetic
saturation, high magnetic permeability, and extremely
low coercivity which are required for magnetic cores. One
of the most important parameters in the formation of a
nanocrystalline structure in Fe–Si–B–P–Cu alloys is the
heating rate [4]. Heat treatment with high heating leads
to the formation of an ultrafine structure whereas a low
heating rate produces non-uniform structure and deterio-
ration of magnetic properties. The aim of this work is to
study magnetic properties and magnetic interactions in
the Fe51Co12Si16B8Mo5P8 metallic glass after annealing
in a vicinity of the crystallization temperature by using
the first-order reversal curve (FORC) method [5].

2. Experimental details

Amorphous Fe51Co12Si16B8Mo5P8 (at.%) alloy was
prepared using a rapid solidification method on a cop-
per quenching wheel. The resulting ribbon was about
0.02 mm thick and 6 mm wide. Its nominal chemi-
cal composition was confirmed by inductively coupled
plasma mass spectroscopy (ICP-MS) and atomic absorp-
tion spectroscopy (AAS). The crystallization tempera-
ture was determined from a DCS curve recorded with a
heating rate of 10 K/min in a temperature range from
room temperature (RT) to 1173 K. Annealing of the as-
quenched alloy was performed at 798 K for 1 h in argon
atmosphere. The heating rate in annealing process of the
sample in the furnace from room temperature to 798 K
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was also 10 K/min. The amorphicity and degree of crys-
tallinity of the as-quenched and annealed samples was ex-
amined by X-ray diffractometry performed at room tem-
perature. Magnetic characteristics were measured with
the help of VersaLab system (Quantum Design) in tem-
perature range 50–400 K. Magnetization (M) as a func-
tion of external magnetic field (H) and/or temperature
was recorded below the Curie point. Hysteresis loops as
well as first-order reversal curves were measured as a set
of M(H) curves. Evaluation of the obtained results was
performed by the FORCinell software [6]. All measure-
ments were performed upon the annealed sample.

3. Results and discussion
Microstructure and crystallization kinetics studies of

the Fe51Co12Si16B8Mo5P8 alloy are described in more
detail in our previous papers [7–9]. The analysis of DSC
characteristic recorded in the temperature range 300–
1173 K for the as-quenched Fe51Co12Si16B8Mo5P8 pre-
cursor shows two distinguished exothermic peaks which
indicate presence of a two-step crystallization [7]. The
primary and secondary crystallization temperatures were
determined as 839 K and 963 K, respectively. Moreover,
an additional small kink at about 922 K can be seen.

It is worth noting that microstructure analysis per-
formed by X-ray diffraction measurements with Co Kα

radiation of the as-quenched Fe51Co12Si16B8Mo5P8 sam-
ple shows only a wide halo which is characteristic
for amorphous materials. The maximum of a broad
diffraction peak is positioned at the 2Θ angle of about
55 deg [7]. The X-ray diffraction pattern taken from
the annealed sample shows the presence of several nar-
row peaks with low intensity. They can be assigned to
Fe-free crystalline phases [7] which start to appear even
though the first crystallization temperature, as derived
from DSC, is still not reached. As a consequence, mod-
ification of the magnetic microstructure can also be ex-
pected.
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Thermomagnetic characteristics obtained for the an-
nealed Fe51Co12Si16B8Mo5P8 alloy in zero-field cooled
(ZFC) and field cooled (FC) regimes are presented in
Fig. 1. Temperature dependences of magnetization mea-
sured in ZFC mode in Fig. 1 (upper figure) show that for
an external magnetic field up to 250 mT the magnetiza-
tion slightly increases with temperature up to its max-
imum and then suddenly drops down in the vicinity of
Curie temperature. Moreover, with an increasing exter-
nal magnetic field, a growth of magnetization and a shift
of its maximum (blocking temperature TB) towards lower
temperatures is observed. The blocking temperatures are
383, 343, and 244 K for theM(T ) curves recorded in ZFC
mode at external magnetic field of 50, 100, and 250 mT,
respectively.

Fig. 1. ZFC (upper figure) and FC (lower figure)
magnetization versus temperature for the annealed
Fe51Co12Si16B8Mo5P8 alloy measured in external mag-
netic fields of 50, 100, and 250 mT.

Figure 1 (lower figure) shows FC magnetization versus
temperature for the annealed Fe51Co12Si16B8Mo5P8 al-
loy measured in the indicated external magnetic fields. It
is seen that the magnetization falls monotonically with
temperature in all fields. M(T ) dependences obtained
under ZFC and FC conditions suggest that magnetic
properties of the investigated material depend on cool-
ing conditions, and they must be taken into account in
the design process of electrical devices.

Representative hysteresis loops recorded for the
Fe51Co12Si16B8Mo5P8 alloy annealed at 798 K for 1 h
in temperature range from 100 to 400 K with a step of
100 K and a maximum external magnetic field of 50 mT

are presented in Fig. 2. It is seen that with increas-
ing temperature of measurement, the magnetization de-
creases as it is also visible from M(T ) curves in Fig. 1
(lower figure). The magnetization measured in an exter-
nal magnetic field of 50 mT for the sample measured at
400 K is equal to half the value of magnetization for ma-
terial measured at 100 K. Moreover, changes in magnetic
structure are represented by a decrease of coercive field
with temperature. The obtained coercive fields recorded
at 100, 200, 300, and 400 K for the investigated material
equal to 8.98, 8.44, 5.21, and 1.16 mT, respectively.

Fig. 2. Hysteresis loops for the annealed
Fe51Co12Si16B8Mo5P8 alloy measured in external
magnetic field of 50 mT and the indicated tempera-
tures.
Magnetic characterization of single-phase magnets, i.e.

magnetic interactions in materials with high value of co-
ercive field, is usually performed by investigations of hys-
teresis loops. A problem appears when complex mag-
netic interactions are present in a multi-phase material.
The first-order reversal curve (FORC) analysis is one of
the methods which can provide information about in-
teraction field between such multiphase magnetic parti-
cles/phases. FORCs are a specific class of minor hystere-
sis loops. A more detailed description of the principles
of FORC can be found elsewhere [5]. This method was
used to study thermally induced decoupling of nanosized
crystallites embedded in an amorphous matrix of a Co–
Si–B–Fe–(Mo–Ni) [10] and Fe–Zr–B–Cu [11, 12] alloys.
Here, we employ FORC analysis for a study of annealed
Fe51Co12Si16B8Mo5P8 alloy which is just at the onset of
crystallization.

The set of the FORCs recorded at 77 K is presented in
Fig. 3. They were successively recorded as minor curves.
The sample is exposed to an initial positive saturation
field Bsat (= 0.3 T) which is reduced down to a reversal
field Bb. The applied field Ba is then increased up to Bsat
while measuring the magnetizationM(Ba, Bb). This pro-
cedure is repeated for a new Bb value that differs by ∆Bb
from the previous one. Precision of the method depends
upon ∆Bb, i.e. the total number of curves which must
cover the whole hysteresis area. In our case, 123 minor
curves were recorded.
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Fig. 3. Set of first-order reversal curves for the
Fe51Co12Si16B8Mo5P8 alloy after annealing at 798 K for
1 h measured at 77 K in a maximal external magnetic
field of 0.3 T.

FORC distribution ρ(Ba, Bb) is defined as the second
derivative of the magnetization M [5]:

ρ (Ba, Bb) = −1

2

∂2M (Ba, Bb)

∂Ba∂Bb

where Ba and Bb are the magnetization field and rever-
sal field, respectively. FORC distribution experimentally
characterizes the complete irreversible magnetic behavior
of a given system. It is usually represented as a contour
plot in a Preisach plane plotted in Bc and Bu ordinates.
The latter are calculated according to the transforma-
tions: Bc = (Ba − Bb)/2 and Bu = (Ba + Bb)/2. The
coercivity axis Bc and the interactions field axis Bu are
directly related to the local irreversible properties. The
FORC distribution with the Bc and Bu axes represents
the statistical distribution of irreversible processes re-
lated to their local coercivity and bias (interaction field)
values. Using this technique, one can decouple the irre-
versible behavior which stems from magnetically different
phases in the investigated system.

Fig. 4. FORC diagram for the Fe51Co12Si16B8Mo5P8

metallic glass after annealing at 798 K for 1 h measured
at 77 K in a maximal external magnetic field of 0.3 T.

The shapes of the hysteresis loops in Fig. 3 indicate
that they can be decomposed into two loops with dif-
ferent coercive fields. Indeed, complex magnetic behav-
ior with two different distributions can be clearly dis-
tinguished in Fig. 4. Here, the FORC diagram for the
annealed Fe51Co12Si16B8Mo5P8 alloy measured at 77 K
is shown. One well pronounced maximum of coercivity is
visible at Bc ≈ 0.01 T whereas another local maximum

appears at Bc ≈ 0.17 T. The former can be associated
with softer magnetic phase that corresponds to the resid-
ual amorphous matrix. The second region of microcoer-
civity with higher Bc can be assigned to the presence of
a small number of magnetically hard crystallites. The
interaction field values are Bu ≈–10 mT.

4. Conclusions

Thermomagnetic properties and magnetic interactions
were studied in Fe51Co12Si16B8Mo5P8 alloy annealed at
temperature which is about 40 K smaller than the first
crystallization temperature determined from DSC. The
presence of a small number of crystallites was revealed by
XRD and seems to be connected with low temperature
crystallization. They have also significantly affected the
resulting magnetic microstructure which exhibited com-
plex behaviour. However, the discrimination between
contributions from each magnetically ordered phase to
the hysteresis loops is not so straightforward. In order to
investigate the origin of the observed magnetic interac-
tions, we have employed the FORC analysis. Two mag-
netic phases with microcoercivity values of 0.01 T and
0.17 T were revealed. The former softer phase corre-
sponds to the residual amorphous matrix and the latter
represents magnetically harder crystallites.
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