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Identifying the Magnetic Phases on Annealed
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Results of thermal annealing on FessCo,;3B;5Si; amorphous alloy by means of linear
heating and isothermal process are presented. The analysis of the DSC curve and
X-ray diffraction of the annealed samples indicate the synthesis of magnetic
nanocrystals in the Fe;Cosz phase, and the co-existence of two coupled magnetic
phases; one soft magnetic phase due to the remaining amorphous matrix and a
hard magnetic phase associated to the crystalline nanoparticles. The presence of
these different magnetic phases and their coupling are unhidden by analysis of
FORC diagrams of the samples.
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Introduction

Nanocrystalline materials that display high permeability and low coercivities have
been absorbing growing attention from the scientific community, not only because
their potential use in technological applications, but also because they provide an
excellent setting to study basic problems in magnetism [1]. Nanocrystalline materials
obtained from the controlled devitrification of amorphous ferromagnetic ribbons
present, even at the initial stages of nanocrystallization, coexistance of different
magnetic phases. The possibility to easily modify the size distribution and relative
volume fraction of the crystallites through annealing makes of this nanostructured
materials an ideal environment to investigate interactions among magnetic particles
[2-5], surface effects [6], superparamagnetism [7], and several new phenomena that
emerged with the reduced dimensions of the crystallites.

The most common method to investigate the magnetic properties of these
systems is the measurement of hysteresis curves. However, the analysis of these
curves usually is not enough to clarify all the main aspects of more complex systems.
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The FORC diagrams can be a useful tool to study coexistence of different reversion
modes in arrays of nanodots [8,9], identify magnetic phases in annealed alloys [10],
study dipolar interactions between magnetic nanostructures [11,12] and quantify
the amount of reversible magnetization of the system as a function of the amount
of irreversible magnetization [13].

In this paper the FORC diagrams are used to investigate in detail the
magnetic properties in samples of FegsCo13B5Si; annealed at temperatures above
the crystallization.

Experimental

Amorphous ribbons with composition of FegCo1gB15Si;, produced by melt-
spinning, have been submitted to linear thermal annealing in a DSC-TGA 2960
TA-Instruments oven, on a nitrogen atmosphere. Samples were heated from ambient
temperature to different final temperatures Ty= 833, 953, 1053, and 1153 K at a heat-
ing rate of 20 K/min. In order to characterize the crystallization process, isothermal
and non-isothermal curves have been measured. X-ray Bragg diffractions were
measured on a Shimadzu XRD 6000 with Cu anode. Magnetic measurements were
performed by a homemade alternating gradient magnetometer (AGM), at room
temperature and with the plane of the alloys parallel to the field.

Results and Analysis

Figure 1 shows the DSC curve for the FegCo;5B;551; sample submitted to a lineal
heating at a rate of 20 K/min, from 300K to 1153 K. The final annealing tempera-
tures for the different samples that appear in this work are displayed in the curve.
Two exothermal processes are observed in this figure, the first one at 703 K and
the second one at 788 K.
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Figure 1. DSC scan at 20 K/min for the FegsCogBsSi; sample. The arrows indicate the
points up to where each sample was treated (Ty= 833, 953, 1053, and 1153 K) and the two
exothermal process at 703 and 788 K described in the text.
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Figure 2. X-ray diffraction spectra for the as-cast sample and the sample annealed up to
different final temperatures.

In order to investigate the origin of the two peaks at 703K and 788K, an
isothermal process (not shown here) has been fitted by a Johnson—-Mehl-Avrami
[15,16] equation, and the linear DSC curve was analyzed by a modified Kissinger—
Ozawa [15] model. This analysis indicates that the peak at 703 K is due to an increase
of the preexistent Fe;Cos grains and the peak at 788 K corresponds to the nucleation
of new Fe,;Co; crystallites.

Figure 2 shows the X-ray spectra for the as-cast sample and the annealed
samples. From these curves it is possible to observe a clear increase of the peak at
20 corresponding to the Fe;Co; phase. The first X-ray spectra correspond to the
as cast sample. X-ray diffractions for the annealed samples, with different final
annealing temperatures Ty, show a clear evolution of the peaks corresponding to
the crystalline Fe;Co; phase. Final temperatures Ty=833, 953, 1053, and 1153 K
shown here corresponds to annealing temperatures higher than the temperature of
the second exothermal peak, at 788 K, observed in the DSC analysis. This means
that the increase in height of the X-ray diffraction peaks shown in Figure 2 is due
to increase of the size of the crystallites. Table 1 shows the results of the average size
of crystallites as function of Ty obtained by the Scherrer formula [17]. From the table
one can observe that the size of grains increase up to 1053 K, and then decrease for
1153 K. This can be explained by an anomalous growing of the crystallites at very
high temperatures [18]. In this table are also shown the lattice constants, which
are in good agreement with the one for Fe;Co; phase, that are o= 2.863 A [19].

Table 1. Fe,Co; crystal sizes, obtained using the Scherrer
formula, and lattice constants of the annealed samples

T (K) Crystal sizes (nm) Lattice constant (A)
833 45.53 2.8637
953 74.75 2.8657

1053 104.6 2.8662

1153 86.45 2.8668
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In order to have a more detailed picture of the evolution of the structure of
the ribbons with annealing, we have performed a detailed magnetic characterization
of the samples by means of FORC curves and diagrams.

The measurement of a FORC curve starts by saturating the sample at a large
positive applied field. Then the field is decreased to a reversal field H,. The FORC
is defined as the magnetization curve that results when the applied field is increased
from H, back to saturation. The magnetization at the applied field H, on the FORC
with reversal point H, is denoted by M(H,, H;), where H, > H,,.

A statistical model that describes the system as a set of magnetic entities
(hysterons) based on the Preisach model [14,20] is used to illustrate and obtain
information from the FORC. The extended probability density function (pdf)
of the ensemble is defined by [21,22]

1 0*M
p(H!l7Hb)_ 28H08Hb (1)
This function extends over the entire plane H,, H,. A FORC diagram is a
contour plot of the pdf (Eq. (1)), and can be presented in terms of the variables
H.=(H,— H,)/2 and H;=(H, +H,)/2 which are the fields of switching (coerciv-
ity of hysteron) and interaction (bias of each hysteron) [21], allowing to capture
the reversible component of the magnetization, which appears focused on H.=0.
The pdf (Eq. (1)) of a sample is obtained by numerically derivation of M(H,,
H}), which contains all FORC measurements. The FORC diagram is obtained
performing the contour plot of the pdf (Eq. (1)).

Figure 3 shows the FORC curves for samples annealed at different tempera-
tures. The major hysteresis loops, delineated by the outer boundaries of the FORC’s,
correspond exactly to the hysteresis curves of each sample, and exhibit only subtle
differences.

While the hysteresis curve of the as-cast sample (not shown here) is typical of an
amorphous soft material, with coercivity close to zero, the curves for annealed samples
show higher coercivities as Ty increases. This is a clear indicative of the formation
of small, monodomain, Fe;Cos crystals, which increase their size as Ty increases.

The hysteresis curves of the samples annealed at temperatures above Tr=953 K is
a waist loop, and the waist features are more symmetrically centered around M =0
for samples treated at higher temperatures. This type of waist loop have been
observed in different materials and is associated to the presence of two magnetic
phases, a hard magnetic phase and a soft magnetic phase, that are coupled [23-29].
Waist loops have been also investigated by theoretical works [30-32], and is associa-
ted to an antiferromagnetic coupling between the nanoparticles of the hard and soft
magnetic phases.

Figure 4 shows the 3-D FORC diagrams obtained by Eq. (1), and the contour
plot of the 3-D FORC diagrams, in H,. and H; coordinates, are shown in Figure 5.
In the diagram of the sample with T;=833 K one can observe the presence of a nar-
row ridge centered around H,.=0, that is the reversible component of the magnetiza-
tion [13,21], and only one peak corresponding to irreversible component, at H.,
around 45 Oe. It is also possible to see the beginning of the formation of other
phases, as a small tail in the higher coercivity region.

In the diagram of the sample at Ty=953K it is possible to see four separate
peaks which correspond (from left to right) to the reversible magnetization of the
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Figure 3. First order reversal curves (FORC) for the samples annealed up to different final
temperatures (Ty= 883, 953, 1053, and 1153 K).

system, for H, centered in zero, a soft magnetic phase in H.=25 Oe, Another peak at
H,.=70 Oe that has been associated to the coupling between the hard and soft
phase [10] and the high coercivity phase, at H.= 105 Oe, due to the Fe;Cos nanopar-
ticles. The presence of separated features in the FORC diagrams for a sample com-
posed of coupled magnetic phases has been experimentally observed and modeled by
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Figure 4. 3-D FORC diagrams obtained by Eq. (1), for the samples annealed up to different
final temperatures (T=883, 953, 1053, and 1153 K).

Chiriac et al. [10]. In their work they observed that the soft phase appear in the
FORC diagrams with an interaction field H; positive, while the hard magnetic phase
and the coupling zone appear centered and with H; negative. The position of each
peak respect to H, gives the effective coercivity of each phase.

The FORC diagram for the sample annealed at Ty=1053 K shows roughly the
same features observed for the sample treated at Ty=953 K. However, the peaks
appear more separated in this sample. The soft phase is more close to H.=0 Oe,
centered in H.=5 Oe. The coupling is at H.=95 Oe, and the hard phase is centered
at H.=185 Oe. The negative region is less pronounced and broader. For the sample
annealed at Tr=1153 K, the peaks corresponding to different phases lose intensity.
The low coercivity phase is at 4 Oe, the hard phase is at H.= 180 Oe and the coup-
ling phase is at H.=77 Oe.

FORC diagrams can also gives information about coercive field distribution
and the ratio of the reversible and irreversible magnetization processes in the sample
[13,21].

It is interesting to note that the reversible component of the magnetization
(centered in H.=0) for all samples is higher than the irreversible component (the
spots for H.>0). This is attributed to the fact that even after thermal treatment
at high temperatures, the amount of material that remain in the amorphous state
is substantially higher than the amount of Fe;Co; nano-crystalline grains formed.
This is in agreement with the analysis of the X-ray diffractions.
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Figure 5. FORC diagrams, i.e., the contour plot of the 3-D graphs, in H. and H; coordinates.

The relative spread of the FORC diagrams along the H,; axis correspond to
interparticle interactions, and it is worth to notice that the peaks which have been
associated to the coupling between phases [10] appears as elongated narrow peaks
centred at negative H; axes.

Finally, the spread of FORC diagrams in the H,. axis is a direct measure of the
increase of distribution of coercivities in the samples, which is a consequence of
the increase of particle sizes and distributions with annealing.



286 R. Lavin et al.

Conclusion

Thermal annealing was used to generate structural modifications on an amorphous
magnetic alloy, controlling the generation of magnetic nanoparticles and tuning the
magnetic properties. From the analysis of structural and magnetic characterizations
one can see that increasing the annealing final temperature, increasing the size of
the Fe;Co; nano-crystallites, the coercivity of a hard magnetic phase is increased.
By means of FORC diagrams we have observed an increase in the separation of
the coercivities of the different phases with Tg, and the coercivity values of each
phase can be determined with precision. Finally, the FORC diagrams allow one to
obtain a more complete characterization of complex systems, giving the coercivity
distribution and the reversible and irreversible component of the magnetization,
which are difficult to obtain from a simple hysteresis curve.
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