
Magnetic transition in nanocrystalline soft magnetic alloys analyzed via ac inductive techniques

C. Gómez-Polo,* J. I. Pérez-Landazabal, and V. Recarte
Dept. de Física, Universidad Pública de Navarra, Campus de Arrosadía, 31006 Pamplona, Spain

M. Vázquez
Inst. de Ciencia de Materiales, CSIC, Campus de Cantoblanco, 28049 Madrid, Spain

A. Hernando
Inst. de Magnetismo Aplicado (UCM-RENFE), P.O. Box 155, 28230 Las Rozas, Spain

(Received 23 April 2004; published 17 September 2004)

The magnetic transition in a FeSiBCuNb nanocrystalline alloy, associated with the decoupling of ferromag-
netic crystallites around the Curie point of the residual amorphous matrix, is analyzed in this work through the
temperature dependence of the ac axial magnetic permeability and impedance of the samples. The temperature
dependence of both complex magnitudes presents a maximum in the irreversible contribution at a certain
transition temperature. While for low values of the exciting ac magnetic field the transition temperature lies
below the Curie temperature of the amorphous phase, a shift above this Curie point is observed increasing the
amplitude of the applied ac magnetic field. The detected field dependence is interpreted taking into account the
ac nature of the inductive characterization techniques and the actual temperature dependence of the coercivity
of the samples.
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I. INTRODUCTION

The magnetic properties of nanocrystalline materials com-
posed of crystals of a nanometer-range surrounded by a re-
sidual amorphous matrix has been extensively studied during
the last decade.1 In these nanocrystalline materials the mag-
netic interactions between the two constituent magnetic
phases mainly determine the macroscopic magnetic behavior
and its temperature dependence. In this sense, the observed
magnetic transition around the Curie point of the residual
amorphous phase is associated with a magnetic decoupling
between the ferromagnetic crystallites with higher Curie
point.2 Within the framework of the random anisotropy
model the occurrence of this magnetic transition is basically
ascribed to a decrease in the effective exchange constant
around the Curie point of the residual amorphous phase,TC2,
leading to a sharp increase in the effective magnetocrystal-
line constant.3,4 Accordingly, the magnetic transition is ex-
perimentally detected as a sharp increase and decrease, re-
spectively, of the coercivity5 and magnetic permeability6

aroundTC2.
The magnetic properties of these two-phase systems, in

particular, the temperature dependence of their soft magnetic
behavior, represents a research topic of continuous interest
from both basic and applied point of views. As an example,
the shift of the magnetic transition(magnetic decoupling be-
tween ferromagnetic crystallites) aboveTC2 has been exten-
sively reported and correlated to the occurrence of exchange
coupling between the ferromagnetic grains through the para-
magnetic amorphous matrix.7,8 However, there are some ex-
perimental facts related with the analysis of the magnetic
transition and the magnetic decoupling of ferromagnetic
crystallites that needs to be analyzed in further detail. In
particular, when this magnetic transition is analyzed through
the temperature dependence of the ac magnetic permeability,

a maximum in the irreversible contribution is detected at
measuring temperature,TP, aroundTC2. Surprisingly, a shift
in TP towards higher measuring temperatures is experimen-
tally observed with the amplitude of the exciting magnetic
field.9

Our aim in the present work is to further analyze the
characteristic magnetic transition in a soft nanocrystalline
FeSiBCuNb alloy around the Curie point of the residual
amorphous phase by means of ac inductive techniques, that
is, the ac axial magnetic permeability and the electrical im-
pedance. While the ac magnetic permeability is a well known
characterization technique widely employed in the character-
ization of different magnetic transitions(i.e., freezing tem-
perature in spin glasses,10 martensitic transformation in mag-
netic memory shape alloys,11 spin reorientation transition in
rare earths12), the ac impedance has recently been proved as
a very simple and versatile characterization technique. Basi-
cally, when an ac current flows through a soft magnetic
sample, the associated transverse magnetic field magnetizes
it, giving rise, for high enough current frequencies, to the
so-called skin effect. In this high frequency region, where the
current keeps mainly concentrated in a reduced region close
to the sample surface, the complex impedance of the sample
is mainly determined by the associated transverse magnetic
permeability.13 Thus, the temperature dependence of the ac
impedance can be directly employed to characterize those
magnetic transitions associated with noticeable changes in
the magnetic permeability of the samples: metal-insulator
transition in manganites,14 Curie point in Heusler alloys,15

spin reorientation in Gd,16 the martensitic transformation in
magnetic memory shape alloys16 and the magnetic decou-
pling of the ferromagnetic crystallites in soft nanocrystalline
samples aroundTC2.

17,18

In the present work, the temperature dependence of the ac
axial magnetic permeability,m=mr+ imi, and impedance,
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Z=R+iX, is analyzed in ribbon and wire shape nanocrystal-
line FeSiBCuNb alloys. Both complex magnitudes present a
maximum value in the irreversible contribution at a certain
transition temperature,TP. The detected field dependence of
TP (i.e., an increase inTP with the amplitude of the exciting
ac field acting on the sample) is interpreted in terms of the ac
nature of the inductive characterization techniques and the
actual temperature dependence of the coercivity of the
samples.

II. EXPERIMENTAL PROCEDURE

The samples, amorphous ribbons(<1 mm wide and
20 mm thick) and wiressdiameter<120 mmd with nominal
compositions Fe73.5Si13.5B9Cu1Nb3 were obtained by rapid
quenching from the melt(melt spinning and in-rotating-
water-quenching techniques, respectively). The desired nano-
crystalline structure was obtained through isothermal treat-
ments in vacuum atmosphere at 550 °C. The temperature
dependence of the ac axial magnetic permeability and im-
pedance was characterized by a conventional induction
method and the four-probe technique, respectively, in a tem-
perature range from 200 to 450 °C. The in-phase and out-
of-phase voltage components with respect to the exciting
magnetic field(along the axial and transverse directions for
the axial magnetic permeability and impedance measure-
ments, respectively) were suitably detected with the help of a
lockin-amplifier.

III. RESULTS

A. Temperature dependence of the magnetic permeability

Figure 1 shows the temperature dependence of the mag-
netic permeability,m=mr+ imi, for the Fe73.5Si13.5B9Cu1Nb3
ribbon (5 cm in length) annealed at 550 °C during 60 min
for different values of the amplitude of the applied axial ac
field, Hac=9.6, 48 and 62.5 A/m(frequency, f =500 Hz).
The displayed permeability values are normalized to the

value of the real component at 200 °C forHac=9.6 A/m
fmref=mrs200 °C,Hac=9.6 A/mdg. As Fig. 1 shows, the tem-
perature dependence of the realsmrd and imaginarysmid per-
meability components are characterized by a sharp decrease
and a maximum value, respectively, around a certain transi-
tion temperature. This maximum inmi is a characteristic fea-
ture of different magnetic transitions(i.e., freezing tempera-
ture in spin glasses,19 blocking temperature of
superparamagnetic particles20). In the present case, the oc-
currence of such a maximum could be ascribed to the mag-
netic decoupling between ferromagnetic crystallites for tem-
peratures close to the Curie temperature of the residual
amorphous phase,TC2 (TC2<340 °C estimated from previ-
ous thermogravimetry studies, that is, the temperature depen-
dence of dc saturation magnetization,MSsTd.)21 Note that the
magnetic transition surprisingly shifts towards higher tem-
peratures with the amplitude of the ac magnetic field,Hac.

The temperature dependence of the loss factor, tand
=mi /mr, related to the irreversible contribution of the mag-
netization process, enables the characterization of the mag-
netic transition in these nanocrystalline samples.22 Since
tand is associated with the energy loss per cycle, it should
display a similar temperature dependence than the coercive
field of the samples, that is, a maximum value atT=TP as-
sociated with the uncoupled state of the single domain ferro-
magnetic particles.5 Figure 2 shows the temperature depen-
dence of tand for the different values ofHac. Notice the
increase ofTP (close to 100 °C) with the amplitude of the ac
magnetic field.

In order to analyze the influence of the exciting frequency,
f, in the observed shift ofTP, Fig. 3 displays the temperature
evolution of tand for f =200, 500 and 1000 Hz andHac
=6.9 and 63.5 A/m. First, the increase off gives rise, irre-
spectively of the amplitude of the exciting ac field to an
overall increase in the values of tand compatible with the
associated increase in the energy losses per cycle(eddy-
current losses). At constantHac, the position of maximum
does not noticeably change, except for a slight shift towards
lower temperatures withf [also detected inmisfd]. Thus, the

FIG. 1. TemperaturesTd dependence of the real,mr, (symbols)
and imaginary,mi, (lines) components of the magnetic permeability,
m=mr + imi of the nanocrystalline Fe73.5Si13.5B9Cu1Nb3 alloy stann

=60 mind for different values of the amplitude of the exciting mag-
netic field,Hacsf =500 Hzd (s) and(—) for Hac=9.6 A/m;(,) and
(---) for Hac=48 A/m; (h) and (¯) for Hac=62.5 A/m.

FIG. 2. Loss factor, tand, versus temperature,T, for the nano-
crystalline Fe73.5Si13.5B9Cu1Nb3 alloy stann=60 mind for different
values of the amplitude of the exciting ac magnetic field,Hacsf
=500 Hzd: (—) 9.6 A/m, (---) 48 A/m and (¯) for Hac

=62.5 A/m.
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detected increase inTP with the amplitude of the exciting ac
field, should be correlated with some basic characteristics of
the magnetic transition aroundTC2, independent of the dy-
namical characteristics of the decoupling process. In fact, if
the maximum in the irreversible contribution is interpreted
within the classical models associated with relaxation pro-
cesses(Debye theory) a differentTPsfd should be found(i.e.,
an increase ofTP with f in thermally activated fine particles
systems).23 Therefore, in the present case, the detected de-
crease ofTP with f would have basically an inductive origin
associated with the eddy-current contribution in the metallic
sample(decrease withf of the effective magnetic field acting
on the sample).

To further check whether this shift withHac is a specific
feature of the analyzed magnetic transition(magnetic decou-
pling of the ferromagnetic crystallites), the amorphous alloy
was analyzed under similar experimental conditions. A pre-
vious annealing at 360 °C for 10 min was performed to sta-
bilize the amorphous sample. Such an annealing gives rise to
a relaxation of the amorphous structure without any further
structural modification. As Fig. 4 shows, where the tempera-
ture evolution of both permeability components are shown
for Hac=6.9 and 48 A/msf =500 Hzd, the magnetic transi-
tion (Curie point,TC2) takes place atT<TC2=340 °C irre-
spectively of the amplitude of the applied field. It is also
remarkable that in this amorphous state the imaginary com-
ponentmi does not present any noticeable maximum around
TC2.

B. Temperature dependence of the impedance

To clarify the origin of the detected field dependence of
TP, the magnetic transition was characterized through the
temperature dependence of the ac impedance(external mag-
netic fieldH=0). In order to enhance the magnetoinductive
contribution(increase of the transverse magnetic permeabil-
ity) a wire shaped nanocrystalline alloy was selected for the
impedance measurements. A piece 5 cm in length
(Fe73.5Si13.5B9Cu1Nb3 nominal composition) was submitted
to subsequent annealingssTann=550 °Cd during 5, 10 and

30 min (T1 and T2 and T3 nanocrystalline states, respec-
tively). Figures 5(a) and 5(b) show the temperature depen-
dence of the complex impedance components,Z=R+iX, for

FIG. 3. Temperature evolution of the loss factor, tand, at differ-
ent values of the ac magnetic field(symbols:Hac=9.6 A/m; lines:
Hac=62.5 A/m) and exciting frequency:(3) and (¯) for f
=200 Hz;(L) and (---) for f =500 Hz;(s) and (—) for f =1 kHz.

FIG. 4. Temperature dependence of the real,mr (symbols) and
imaginary,mi (lines) components of the magnetic permeability,m
=mr + imi, of the relaxed amorphous Fe73.5Si13.5B9Cu1Nb3 alloy for
different values of the amplitude of the exciting magnetic fieldsf
=500 Hzd: (P) and (---) Hac=9.6 A/m; (s) and (—) Hac

=48 A/m.

FIG. 5. Temperature dependence of the impedance components,
Z=R+iX, for (a) f =1 kHz and(b) f =100 kHz for theT3 nanocrys-
talline wire as a function of the amplitude of the exciting current,
Iac: (—) 5 mA, (s) 10 mA, (n) 15 mA and (---) 20 mA. [The
impedance data forf =75 Hz andIac=5 mA are included in Fig.
5(a)].
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f =1 and 100 kHz, respectively, at different values of the
amplitude of the exciting ac current,Iac, for the final T3
nanocrystalline sample. For comparison, Fig. 5(a) also shows
the temperature dependence of the impedance components at
f =75 Hz.

First, at low frequency[see Fig. 5(a)], the impedance
components directly reflect the inductive contribution asso-
ciated with the temperature dependence of the circumferen-
tial magnetic permeability,mf. In this low frequency region,
the sample voltage can be expressed as24

V = RdcI + ikEZlL, s1d

where Rdc and L are the Ohmic resistance and the sample
length, respectively, andkEZl is the average electrical field
originated by the circumferential magnetization process
skEZl~mfd. Thus, taking into account the complex nature of
the circumferential permeabilitysmf=mf,r +imf,id, the occur-
rence of the maximum value inR and the sharp decrease inX
aroundTC2 basically reflect the main characteristics of tem-
perature dependence of the imaginary and real components
of mf, respectively. Notice the clear shift of the magnetic
transition withIac. This behavior reflects the dependence of
mfsTd on the mean circumferential magnetic fieldsHf~ Iacd
acting on the sample.

With respect to the impedance response atf =100 kHz,
the increase of the exciting frequency gives rise in the
coupled state(low temperature) to a clear increase in both
impedance values[see Fig. 5(b)]. In this range of high fre-
quency values, where the so-called skin effect takes place,
the electrical current is mainly concentrated in the sample
region close to the wire surface. According to the classical
electrodynamical model,25 the complex impedance,Z, is di-
rectly expressed in terms of the Bessel functions of the first
kind Jiskad, Z= 1

2RdckaJ0skad /J1skad, with a: wire radius and
k=Îi2pmff /r. The decrease ofmf associated with the mag-
netic decoupling of the ferromagnetic crystallites forT.TC2,
has associated, as Fig. 5(b) shows, a drastic decrease in both
impedance components. Again, as in the previous cases, the
increase of the exciting magnetic field(increase inIac) gives
rise to a clear displacement of the magnetic transition to-
wards higher measuring temperatures.

IV. DISCUSSION

The basic magnetic characteristics of these biphasic nano-
crystalline materials can be suitably described within the
framework of the random anisotropy models.1,26 In particu-
lar, in the coupled state where the magnetocrystalline aniso-
tropy of the ferromagnetic crystallites is averaged out via the
magnetic interactions between both constituent magnetic
phases, the initial magnetic permeability can be expressed as

m = pm

JS
2

m0keff
, s2d

with pm a dimensionless factor;JS=ncJ1+s1−ncdJ2, with Ji

=m0MSi, MSi: saturation magnetization withi =1 and 2 for
the crystalline and residual amorphous phases, respectively;
nc: crystalline volume fraction; andkeff the effective magne-
tocrystalline anisotropy defined as

keff =
nc

2k1
4d6

A3 , s3d

with k1 andd the magnetocrystalline anisotropy constant and
mean grain size, respectively, of the crystalline phase andA
the mean exchange constant of the coupled system,A
=sA1A2d1/2 (A1 and A2 the mean exchange constants of the
crystalline and amorphous phases, respectively). For T
øTC2 and assumingk1 and A1 roughly constants,keffsTd
would be mainly governed by the temperature dependence of
A2. Thus, the decrease ofA2sTd around the Curie point of the
residual amorphous phase has associated a magnetic harden-
ing correlated with the parallel increase inkeffsTd [see Eq.
(3)]. Thus, for T<TC2 the effective magnetic anisotropy
reaches a maximum value close tok1 and the magnetic de-
coupling between the ferromagnetic grains takes place.

A. Enhancement of the exchange coupling with the applied
magnetic field

The displacement of the magnetic transition(decoupling
of the ferromagnetic crystallites) aboveTC2 in nanocrystal-
line soft magnetic samples has been previously reported,7,8

mainly through the analysis of the temperature dependence
of the coercivity,Hc. In those reports, the shift is mainly
observed in samples with high crystalline fractionssnc<1d
where the mean distance between the ferromagnetic grains
(width of the paramagnetic amorphous phase) is within the
nanometer ranges<1 nmd. Its origin was generally ascribed
to the exchange coupling between ferromagnetic grains
through the paramagnetic amorphous matrix,27,28 in a similar
way as the widely reported effect in multilayered systems29

(indirect or RKKY exchange interaction). In fact, Monte
Carlo simulations have been recently employed to explain
the enhancement of the Curie temperature of the residual
amorphous phase in terms of the magnetic polarization of the
matrix by exchange fields arising from the nanocrystalline
grains.30

Therefore, considering thatTP (measuring temperature
where tand reaches a maximum value) represents the actual
temperature ascribed to the exchange decoupling of the fer-
romagnetic crystallites, the field dependence ofTP could be
explained according to the previous discussion, with a paral-
lel increase ofTC2 with H. However, this assumption would
imply according to the present experimental results an in-
crease ofTC2 close to 100 K, incompatible with previous dc
thermogravimetry measurements in the alloy21 (maximum dc
applied magnetic field<4 kA/m) and with the reportedTC2
values in similar compositions.1 Therefore, assumingTC2
roughly constant withH, the detected changes inTP can be
interpreted to be a consequence of the reinforcement of the
exchange coupling of the ferromagnetic crystallites with the
applied magnetic field. Thus, the occurrence of exchange
coupling aboveTC2 and its reinforcement withH, would be
associated according to Eq.(3) to a parallel increase of the
mean exchange constant of the paramagnetic residual amor-
phous phase,A2, i.e., magnetization of the paramagnetic
phase under the action of the effective molecular field gen-
erated by the remainder ferromagnetic phase.31 This simple
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assumption would explain the main experimental facts ob-
tained in the present study, that is, the increase of the transi-
tion temperature with the applied magnetic field forT.TC2
as a consequence of the parallel increase in the mean effec-
tive molecular field(alignment of the ferromagnetic crystal-
lites).

However, we must keep in mind the alternative(ac) na-
ture of the magnetic field employed in the present magnetic
characterization. If the main origin of the detected field de-
pendence of the magnetic transition is correlated with an
enhancement of the mean exchange constant, the magnetic
field effect should be independent of its alternative(ac) or
constant(dc) characteristics. Figure 6 displays the tempera-
ture dependence of tand sf =500 Hzd for the nanocrystalline
wire (intermediateT2 annealed state) at Hac=38 A/m (solid
line) and under a bias dc fieldHdc=150 A/m (symbols). For
comparison, tandsTd for Hac=152 A/m sHdc=0d is also in-
cluded (dashed line). First, the application of the dc field
gives rise to a clear decrease in tand as a direct consequence
of the decrease in the irreversible component of the ac mag-
netic permeability(approach to saturation). However, the ap-
plication of the bias dc field just surprisingly promotes a
slight increase in the defined transition temperature,TP, in
comparison with the detected displacement forHac
=152 A/m. Therefore, although the occurrence of some en-
hancement of the exchange interaction withHdc cannot be
completely excluded, the different response of tandsTd under
ac or dc magnetic fields, points to a different origin of the
detected field dependence ofTP.

B. Temperature dependence of coercivity and correlation
with the field dependence of the magnetic permeability

Figures 7(a) and 7(b) show the temperature dependence of
the axial coercive field,Hc, (obtained through the induction
method atf =100 Hz) and the transition temperature,TP (de-
fined from the maximum in tand at f =500 Hz) versusHac in
the three annealed states(T1, T2 andT3) of the nanocrystal-

line wire. As can be observed, there is an inverse correlation
betweenHc and TP, that is, the sample with the smoother
increase inHcsTd and thus the lowest coercivity in the un-
coupled state(T3 annealed state) displays the strongest field
dependence ofTP (highestTP values). This behavior can be
well understood taking into account the ac nature of the mag-
netic field employed in theTP characterization. Consider an
amplitude of the exciting ac magnetic field higher thanHC at
low measuring temperatures(i.e., Hac=100 A/md. As T in-
creases, the progressive magnetic hardening aroundTC2
(magnetic decoupling of the ferromagnetic crystallites) pro-
motes a parallel decrease and increase, respectively, inmrsTd
and misTd (see for instance Fig. 1). However, at a certain
measuring temperature,T*, the amplitude of the ac magnetic
field equals the coercivity of the samplesHac=HCd. A further
increase ofT above this critical point leads to a parallel
decrease in both permeability components since the applied
magnetic field is not able to magnetize the assembly of fer-
romagnetic single particlessHac,HCd. Thus, the detected
temperature dependence of both permeability components
can be easily explained in terms of the relationship between
Hac and HCsTd, that is, a continuous decrease ofmr around
TC2 and a maximum value inmi at the measuring temperature
T* where Hac=HC.

The temperature and field evolution of both permeability
components mainly determine the impedance response of the
samples. As Fig. 5 shows, the increase of the amplitude of
the ac exciting current,Iac (increase in the mean ac circum-
ferential field,Hf), promotes a similar shift in the tempera-
ture dependence of both impedance components. Thus, the
detected maximum in the imaginary circumferential perme-
ability (maximum in the resistive component at low fre-
quency, f =1 kHz) would correspond with the measuring
temperature where the mean amplitude ofHf equals the cir-
cumferential coercivity of the sample. For higher exciting
frequenciessf =100 kHzd where the skin effect takes place,
both impedance components drastically decrease at this mea-
suring temperature(see Fig. 5). Above this critical tempera-
ture, the mean circumferential field is not able to magnetize

FIG. 6. Temperature dependence of the loss factor, tand, at f
=500 Hz for theT2 nanocrystalline wire atHac=38 A/m (solid
line), Hac=152 A/m (dashed line) and Hac=38 A/m plus Hdc

=150 A/m (symbol).

FIG. 7. (a) Coercive field,HC, versus measuring temperature,T,
for (P) T1, (s) T2 and(n) T3 annealed states of the nanocrystal-
line wire. (b) Transition temperature,TP, as a function of the am-
plitude of the exciting ac magnetic field,Hac, for (P) T1, (s) T2
and (n) T3 annealed states of the nanocrystalline wire.
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the assembly of single domain particles, leading to a sharp
increase in the characteristic magnetic penetration depth, and
thus to the disappearance of the skin effect of the sample.

According to the previous discussion, a direct relationship
between the defined apparent transition temperature,TP
(maximum in tand) and T* (temperature whereHac equals
HC) should be found. Figure 8 showsTP versusT* for the
intermediateT2 annealed state. For comparison, the tempera-
ture associated with the maximum value in the imaginary
component of the axial permeability,mi, is also shown(open
circles). As can be observed, there is a direct correlation
between both temperatures. In particular, a linear dependence
(the dotted line in Fig. 8 represents the linear fit with slope 1)
is directly found at low temperatures(low amplitudeHac).

In conclusion, the main experimental facts of the present
study can be summarized as follows.

(i) The occurrence of a maximum in the irreversible con-
tribution (tand or mi) at TP<T* where the amplitude of the
exciting ac magnetic field equals the sample coercivity
sHac=HCd.

(ii ) The increase ofTP with Hac as a result of the increase
of HC with T (magnetic decoupling of the ferromagnetic
crystallites aroundTC2), that is, the conditionHac=HC is ful-
filled at higher temperatures asHac increases.

(iii ) Those samples with the smoothest increase inHCsTd
(highest crystalline fraction,T3 in the present study) show a
strongest field dependence ofTP (highestTP values).

V. CONCLUSIONS

The magnetic transition associated with the magnetic de-
coupling between ferromagnetic crystallites around the Curie
point of the residual amorphous phase,TC2, is analyzed in a
Fe73.5Si13.5B9CuNb3 alloy (ribbon and wire). In particular,
two ac inductive techniques and their temperature depen-
dence are employed in this study: axial magnetic permeabil-
ity and electrical impedance. With respect to the permeability
characterization, a maximum value in the loss factor, tand, is
experimentally detected at a certain measuring temperature
(transition temperature,TP). While for a low value of the
exciting ac magnetic field,Hac, the transition temperature lies
below TC2, a shift above this Curie point is experimentally
detected asHac increases. Similar results are obtained
through the impedance characterization, both in the low fre-
quency region(magnetoinductance effect) and at high fre-
quencys100 kHzd where the skin effect dominates the im-
pedance response of the sample. In this case, the shift of the
apparent magnetic transition takes place with the increase in
the amplitude of the exciting current(an increase in the mean
ac circumferential field acting on the sample).

The origin of the detected field dependence is first ana-
lyzed in terms of the reinforcement of the exchange coupling
between ferromagnetic crystallites with the applied magnetic
field. However, although the occurrence of some exchange
field enhancement cannot be completely excluded, the main
experimental facts of the field dependence ofTP and its evo-
lution with the thermal treatments are suitably explained tak-
ing into account the ac nature of the performed magnetic
characterization. The results indicate a direct relationship be-
tween the defined transition temperature and the measuring
temperature where the amplitude of the ac magnetic field
equals the sample coercivitysHac=HCd. Thus, the detected
increase ofTP with Hac results as a direct consequence of the
characteristic increase inHC ascribed to the exchange decou-
pling process of the ferromagnetic crystallites above the Cu-
rie point of the residual amorphous phase.

Finally, the versatility should be remarked, but mainly, the
simplicity of the ac impedance as a characterization tech-
nique in the analysis of those magnetic transitions associated
with noticeable changes in the magnetic permeability.
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