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The technological applicability of FeCoNbBCu alloys is suggested in terms of measurements of
room temperature magnetoimpedance and temperature dependence of magnetic permeabilitym r .
Results for the Fe78-xCoxNb6B15Cu1 alloy series show that room temperature soft magnetic
properties are enhanced in the lowest Co containing alloy (m r;10 500 and magnetoimpedance ratio
;60% at 1 MHz!. However, permeability exhibits a smoother thermal dependence in the alloys with
medium and high Co content. A tradeoff between magnetic softness and its thermal stability reveals
the alloy with 39 at. % Co as the most suitable composition among those studied, characterized by
a temperature coefficient of; 0.02%/K from room temperature up to 900 K. This value is 1 order
of magnitude smaller than those observed for FeSiBCuNb~FINEMET-type! alloys and Mn ferrites
and extended over a much wider temperature range than in these materials. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1539294#

I. INTRODUCTION

Soft magnetic nanocrystalline alloys have been profusely
studied since the development of FINEMET~FeSiBNbCu!1

and NANOPERM alloys~FeMB and FeMBCu, M5Nb, Zr,
Hf...!.2 These materials present a two-phase microstructure,
in which ferromagnetic nanocrystals~a-FeSi ora-Fe, respec-
tively! are embedded in a residual ferromagnetic amorphous
phase. Their outstanding soft-magnetic properties at room
temperature are widely covered in the literature.3 However,
as the temperature increases, soft magnetic properties are lost
due to the transition of the amorphous phase to the paramag-
netic state,4 which limits the applicability of these materials
at high temperatures. Searching for soft magnetic nanocrys-
talline alloys with high temperature applicability led to the
development of HITPERM-type alloys~FeCoMBCu!,5 in
which partial substitution of Fe by Co was shown to enhance
the Curie temperature of the amorphous phase.

The higher coercivity exhibited by HITPERM alloys,
compared to FINEMET and NANOPERM, has been ex-
plained in terms of the different evolution of the saturation
magnetostriction constantlS during nanocrystallization.
Whereas in FINEMET and NANOPERM alloys the contri-
butions tolS coming from the crystalline and residual amor-
phous phases are of different sign, giving an overall value
close to zero, in HITPERM alloys both contributions are
positive.3 In this case, the softness of the material is con-
trolled by the relative variation of the magnetostriction from
the amorphous phase to the crystalline one.6

There have been numerous studies concerning the mi-
crostructural characterization and magnetic phase transition
in HITPERM-type alloys.3,5,7–10However, there are still few
results on magnetic properties relevant for possible applica-
tions of these materials, such as magnetic permeabilitym r

and giant magnetoimpedance effect~GMI!. The latter has
been a field of intensive research in recent years;11–13to date
it is a new way for the application of soft magnetic
materials.14–17 There are numerous studies of the different
factors affecting the magnetoimpedance behavior of soft
magnetic nanocrystalline alloys as FINEMET and NANOP-
ERM, analyzing, for example, the influence of the thermal
treatments,18–25 compositional effects,18–20 the influence of
domain structure and induced anisotropies,21–23 the effect of
the measuring frequency,19–22,24 and temperature,24,25 etc.
However, there is a lack of data in the literature concerning
the HITPERM family of alloys.

In this work the influence of the Co to Fe ratio on the
room temperature magnetoimpedance and thermal depen-
dence of magnetic permeability of HITPERM-type alloys
has been studied. It will be shown that although Co addition
deteriorates the room temperature soft magnetic properties of
the alloy, a wider temperature range of stable magnetic prop-
erties is obtained.

II. EXPERIMENT

Amorphous ribbons,;20 mm thick and;5 mm wide, of
nominal compositions Fe782xCoxNb6B15Cu1 ~x 5 18, 39,
60! were produced at Warsaw University of Technology by
the single roller melt-spinning technique. The devitrification
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process of the alloys has been studied by differential scan-
ning calorimetry~DSC!, transmission electron microscopy
and x-ray diffraction techniques.

Permeability measurements were performed on toroidal
samples at a frequency of 6 kHz and an applied field low
enough to assure the measurement of initial permeability~;
0.5 A/m!. The experiment consisted of several heating–
cooling cycles and both the measurement and heat treatment
of the samples were performed at the same time. For these
measurements two coils were wounded around the sample.
With the first coil an ac field is applied to the sample,
whereas the signal induced in the second coil is detected
using a lock-in technique. An impedance analyzer~Hewlett-
Packard 4192A! was used to calibrate the values of perme-
ability at room temperature.

For magnetoimpedance measurements the impedance
analyzer was used. Two electrical contacts were spot welded
to the samples at a distance of 5 cm. DSC experiments con-
firmed that this procedure did not affect the devitrification
process of the alloys studied. Samples were annealed in a
halogen-lamp furnace in vacuum at different stages of the
devitrification process presented in Table I. For measuring
the field dependence of the impedance, an ac intensity of 10
mA at frequencies ranging from 0.5 to 5 MHz was applied
through the sample. The maximum applied field was 7.2
kA/m.

III. RESULTS

A. Devitrification process

The devitrification process of the as-cast samples occurs
in two main stages.26 During the first one, a nanocrystalline
microstructure is formed, in whicha-FeCo nanocrystals with
an average grain size of;5 nm are embedded in a residual
amorphous matrix. The crystalline volume fraction at the end
of the nanocrystallization process is;55% for the alloys
with 18 and 39 at. % Co, but it is lower in the alloy with 60
at. % Co ~; 45%!.26 At higher temperatures~. 900 K!,
recrystallization of a fraction of thea-FeCo crystallites and
the residual amorphous matrix produces a fully crystalline
alloy, with the appearance of boride phases, mainly~FeCo!
~FeCo!23B6.27

B. Initial permeability

Figure 1~a! shows the evolution of the initial permeabil-
ity with temperature for Fe60Co18Nb6B15Cu1 as-cast sample
submitted to continuous heating and cooling cycles. The
characteristic features have been numbered in the figure. Ini-
tially ~1! the relaxation of the internal stresses provokes a
progressive increase of the room temperature permeability;
cooling cycles~2! show that permeability remains constant
for temperatures lower than 550 K at this stage. A character-
istic Hopkinson peak is observed at the Curie temperature of
the amorphous phase, which is due to a faster decrease of
magnetic anisotropy than that of magnetization with increas-
ing temperature, and thus the permeability diverges at the
Curie point.28 Above the Curie point of the amorphous
phase, an abrupt fall in the permeability is observed~3!, due
to the transition of the system to the paramagnetic state. At
higher temperatures, an increase of permeability at the onset
of nanocrystallization occurs~4!, which is connected with
the appearance of the ferromagnetic nanocrystals of the
a-FeCo phase.29 When this microstructure is achieved, the
system shows the highest room temperature permeability.
However, no Hopkinson peak can be detected at the Curie
point of the residual amorphous phase (TC

am), which can be
due to the non-zero value of the effective magnetic anisot-
ropy of the whole system: the nanocrystals present a much
higher Curie temperature than the amorphous matrix and
therefore,m r does not diverge atTC

am. Also, the fall inm r at
TC

am is smoother for the nanocrystallized sample than for the
fully amorphous one. In fact, the residual amorphous matrix
is not homogeneous30 and thus the Curie temperature is not
well defined.31 For this alloy, room temperature permeability
shows high values at this stage, but it depends strongly on
temperature, which is a nondesirable effect for high tempera-

FIG. 1. Initial permeability vs temperature in successive heating–cooling
cycles for: ~a! Fe60Co18Nb6B15Cu1 and ~b! Fe39Co39Nb6B15Cu1 alloys.
Numbers indicate the sequence of heating-cooling cycles.

TABLE I. Thermal treatments of samples submitted to magnetoimpedance
experiments. Initial nanocrystalline corresponds to samples with low crys-
talline volume fraction, while final nanocrystalline corresponds to samples
annealed up to the end of the first crystallization stage.

Alloy Sample Heat treatment

Fe60Co18 Nb6B15 Cu1

Structurally relaxed 15 min at 600 K
Initial nanocrystalline 15 min at 725 K
Final nanocrystalline 15 min at 800 K

Fe39Co39 Nb6B15 Cu1

Structurally relaxed 15 min at 600 K
Initial nanocrystalline 15 min at 725 K
Final nanocrystalline 15 min at 850 K
Structurally relaxed 15 min at 600 K

Fe18Co60 Nb6B15 Cu1 Initial nanocrystalline 15 min at 700 K
Final nanocrystalline 15 min at 800 K
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ture applications of the material. As nanocrystallization
progresses, permeability increases~5!, but for temperatures
above the second transformation stage permeability de-
creases~6!, and the soft magnetic properties of the material
are lost in all the explored temperature range~7! due to the
presence of boride-type phases. The slight increase inm r as
temperature decreases can be explained in terms of the Curie
temperatures of the boride-type phases formed, especially the
~FeCo!23B6 phase, withTC5 784 K.32

The behavior of the other alloys studied shows similar
trends, however a wider temperature range of constant per-
meability can be observed for the nanocrystalline samples of
the alloys with higher Co content@Fig. 1~b!#: In contrast with
the 18 at. % Co alloy, wherem r decreases at temperatures
above 500 K, the alloys with 39% and 60% have a constant
value of permeability up to 950 and 900 K, respectively. This
can be ascribed to the higher Curie temperature of the amor-
phous matrix, which might allow the magnetic coupling be-
tween the nanocrystals through the matrix up to higher
temperatures.4

C. Magnetoimpedance

Figure 2 shows the modulus of impedance~uZu! versus dc
applied magnetic field~H!, obtained at room temperature at a
frequency of 1 MHz, for samples of the 18 at. % Co alloy in
the as-quenched state and after annealing. The value ofuZu at
the maximum applied field decreases as the crystalline frac-
tion increases, being the same for as-cast and relaxed
samples, in agreement with the reduction of dc resistivity
with the progress of crystallization.

Usually the GMI effect is described in terms of the mag-
netoimpedance ratio~MIR !, calculated as:

MIR 5100•
uZ~H !u2uZ~Hmax!u

uZ~Hmax!u
,

where uZ(Hmax)u is the impedance modulus measured at
maximum applied field~7200 A/m!. Figure 3 shows MIR
values versusH, for all the studied alloys in the as-cast,
structurally relaxed, initial-nanocrystalline and final-
nanocrystalline states. The maximum value of MIR versus
annealing temperature is represented in Fig. 4. For the alloy

with 18 at. % Co the GMI effect increases for the relaxed
sample with respect to the as-cast sample, reaches a maxi-
mum value for the initial-nanocrystalline sample~; 60%!
and decreases for the final-nanocrystalline sample. However,
for the higher Co content alloys, the maximum GMI effect
appears for the as-cast samples, decreasing as the annealing
temperature increases.

The magnetoimpedance scans~Fig. 3! show a single-
peak structure for all the as-cast samples studied and for the
initial-nanocrystalline sample of the 18 at. % Co alloy; how-
ever a double peak structure can be observed for all the other

FIG. 2. Magnetoimpedance modulus of Fe60Co18Nb6B15Cu1 alloy: ~a! as-
cast, ~b! structurally relaxed,~c! initial-nanocrystalline, and~d! final-
nanocrystalline samples.

FIG. 3. Magnetoimpedance ratio for the different alloys studied:~a! as-cast,
~b! structurally-relaxed, ~c! initial-nanocrystalline, and ~d! final-
nanocrystalline samples

FIG. 4. Influence of the microstructure on the maximum magnetoimpedance
ratio.
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samples studied. This kind of two-peak structure and the
hysteretic behavior of magnetoimpedance are deleterious for
the applicability of the alloys.

IV. DISCUSSION

The behavior of the permeability and magnetoimpedance
is correlated with the previously reported behavior for coer-
civity and magnetostriction.6,26 As the factors that affect the
magnetic properties depend strongly on the microstructure, it
is suitable to divide the samples studied in amorphous
samples~as-cast and structurally relaxed samples! and nano-
crystalline samples~annealed at the beginning and at the end
of the nanocrystallization!.

A. Amorphous samples

Figure 5 shows the initial permeability measured at 400
K ~maximum temperature below whichm r remains approxi-
mately constant for all the alloys studied and not producing
further structural transformation of the samples! versus
maximum achieved temperature in the previous heat treat-
ment of the continuous heating-cooling cycle experiments. In
this figure it is possible to observe the evolution ofm r with
the microstructure. An increase in permeability with the
structural relaxation phenomena can be found for all the
studied alloys, being the effect larger as the Co content de-
creases in the alloy. This evolution differs from the one re-
ported for coercivity26 and from the observed evolution in
MIR ~Fig. 4!. In fact, only for the 18 at. % Co alloy is a clear
softening of the magnetic properties observed after structural
relaxation, reflected in the magnetoimpedance results as an
increase in the GMI effect in structurally relaxed samples.

This difference can be understood in terms of the previ-
ously proposed mechanism for the increase in room tempera-
ture coercivity: the domain wall stabilization phenomena.6

Permeability measurements and heat treatments of the
samples were made simultaneously, thus the annealing was
under the presence of an ac field. It has been reported that
annealing under ac field diminishes~or even nulls! the do-
main wall stabilization effect,33 which can explain the differ-
ent evolution of the permeability and the coercivity with the
structural relaxation.

As it has been pointed before, the behavior of MIR with
the structural relaxation agrees with the behavior found for
the coercivity.6,26 However, the domain wall stabilization
phenomena would be a suitable explanation for the magnetic
hardening of the higher Co content alloys only if it is pos-
sible to confirm that the domain wall motion is a contributing
mechanism to the magnetization process at the frequency
used in the magnetoimpedance experiments~1 MHz!. The
frequency evolution of MIR in nanocrystalline alloys shows
that the maximum value of MIR increases up to a certain
value of frequency, after which it decreases. This fall in the
GMI effect has been associated with the disappearance of the
contribution of the domain wall motion to the magnetization
process at high frequencies.15,34 Therefore, the measuring
frequency was changed from 0.5 to 5 MHz in the magne-
toimpedance experiments. A continuous increase in MIR was
observed as the applied frequency is increased, confirming
that the domain wall motion is a contributing mechanism to
the magnetization process at 1 MHz and, therefore, the do-
main wall stabilization is a suitable explanation for the mag-
netic hardening of the high Co content alloys.

The two-peak structure observed in the magnetoimped-
ance scans is related to the magnetic anisotropy field,HK ,
being equal to the observed shift of the maximum value of
MIR with respect toH50.34 In our case, this is true for the
18 at. % Co containing alloy, however, because the domain
wall stabilization phenomena affect the position of the maxi-
mum value of MIR,35 it is not possible to affirm the same for
the 39 and 60 at. % Co alloys.

In amorphous samples, the main contribution to the an-
isotropy field is the magnetoelastic anisotropy, andHK can
be expressed as

HK5
2K

m0MS
5

3lSs

m0MS
,

whereK 5 ~3/2!lSs , is the magnetoelastic anisotropy con-
stant,lS the saturation magnetostriction constant,s the in-
ternal stresses,m0 the vacuum permeability, andMS the satu-
ration magnetization. For the structurally relaxed sample of
the 18 at. % Co alloyHK , obtained from the position of
maximum value of MIR, is;200 A/m. The values oflS and
m0MS for this sample are 30 ppm and 1.1 T, respectively,
which gives a value of; 1 MPa for the internal stresses and
an anisotropy constant value comparable to those found in
other metallic glasses with similar saturation magnetostric-
tion constants.36

B. Nanocrystalline samples

Both the permeability and magnetoimpedance results
agree with the reported behavior of coercivity after the
nanocrystallization process,26 in which the coercivity de-
creases at the beginning of the nanocrystallization only for
the alloy with 18 at. % Co. For this alloy, the initial perme-
ability shows high values at low temperatures~, 500 K! in
nanocrystallized samples~; 10 500! but low values can be
found in the other alloys~; 1000!. The very low values
obtained for samples annealed after the second transforma-

FIG. 5. Initial permeability measured at 400 K vs maximum reached tem-
perature in the previous treatment. Arrows indicate the crystallization pro-
cesses detected by DSC.
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tion stages are due to the formation of boride-type phases
which drastically harden the magnetic properties.

For other HITPERM-type composition, Fe44Co447

B4Cu1,8 the maximum initial permeability measured at room
temperature was 1800, obtained at 0.4 kHz. At 6 kHz~mea-
suring frequency in our experiments! the value of m r is
;1000, similar to the obtained value for our nanocrystallized
alloy Fe39 Co39Nb6 B15Cu1, but 1 order of magnitude lower
than the maximum value exhibited by the nanocrystalline
samples of Fe60 Co18Nb6 B15Cu1 ~;10 500!.

The evolution of permeability and the decrease of resis-
tivity with nanocrystallization must affect the evolution of
the GMI effect.37 For samples of the different alloys at the
same annealing stage~structurally relaxed, initial nanocrys-
talline and final nanocrystalline!, the uZu values at the maxi-
mum applied field are similar, indicating that resistivity does
not differ considerably between these samples. Therefore, the
compositional effect on GMI for the series studied might be
ascribed to the different values of permeability.

The GMI effect increases at the beginning of the nanoc-
rystallization only for the alloy with 18 at. % Co, as it has
been previously observed for FINEMET and NANOPERM
compositions.37 For these alloys, both the enhancement of
magnetic softness and the decrease of resistivity contribute
to the increase in the GMI effect. However, for the 39 and 60
at. % Co alloys the GMI effect is lower in the nanocrystal-
lized samples than in the amorphous samples, despite the
decrease of the resistivity but in agreement with the observed
behavior of the initial permeability and the reported evolu-
tion of the coercivity.26 This kind of correlation between the
evolution of resistivity and GMI effect has also been ob-
served for other nanocrystalline alloys, where a decrease of
resistivity at advanced stages of nanocrystallization cannot
avoid the decrease of the GMI effect.37

The different evolution of the magnetostriction constant
of the different alloys can explain the different observed be-
havior. In fact, the nanocrystallinea-FeCo phase that ap-
pears in the 39 and 60 at. % Co alloys with compositions
close to Fe61 Co39 and Fe40 Co60, respectively,38 shows a
higherlS value~;65 ppm!39 than that corresponding to the
amorphous alloy~;10–15 ppm!6 and this makes the net
magnetostriction constant increase as the nanocrystallization
progresses. However, for the alloy with 18 at. % Co, the
magnetostriction constant is;15 ppm for both the
amorphous6 and a-Fe82Co18 crystalline phases.39 For
FINEMET and NANOPERM alloys,lS is negative in the
nanocrystals and positive in the amorphous phase, producing
a decrease of the net magnetostriction of the system and,
consequently, an enhancement of the magnetic properties at
room temperature.3

An important feature for possible applications of these
materials is the temperature range of constant permeability.
Studies on the temperature dependence of the initial perme-
ability in nanocrystallized FINEMET-type alloys40 show that
m r abruptly decreases at temperatures higher than 575 K. To
characterize quantitatively the temperature stability ofm r ,
the temperature coefficient of permeability can be used as a
parameter for comparison. Whereas in FINEMET alloys per-
meability decreases at a rate of; 0.3%/K in a temperature

range from 400 to 500 K,40 in the Fe39 Co39Nb6 B15Cu1 alloy
the temperature coefficient is; 0.02%/K in a temperature
range from 400 to 900 K, indicating an improvement in the
high temperature applications of this alloy with respect to
FINEMET. This parameter is very important for some tech-
nological applications asLC filters, where ferrites are usually
used. A typical value of the temperature coefficient of per-
meability in Mn ferrites is; 0.3%/K but they are limited to
low temperature applications due to their low Curie tempera-
tures~;450 K!.

V. CONCLUSIONS

Two characteristic properties that are interesting for soft
magnetic applications of HITPERM-type alloys have been
studied: permeability and magnetoimpedance. The behavior
is in line with previous results on coercivity, and can be
explained in terms of domain wall stabilization phenomenon,
the difference between the magnetostriction constant of the
constituting two phases and grain coarsening. The room tem-
perature softness is enhanced in the alloy with the lowest Co
content which exhibitsm r;10 500 and a maximum value of
MIR;60% ~at 1 MHz! for nanocrystalline samples with low
crystalline volume fraction. Although the obtained values for
the other compositions~39 and 60 at. % Co! are m r;1000
and a maximum value of MIR,10% ~at 1 MHz!, high tem-
perature applicability is clearly enhanced in these alloys,
showing a wide temperature range with approximately con-
stant permeability. This suitability for high temperature ap-
plications can be expressed through the temperature coeffi-
cient of the permeability~;0.02%/K from room temperature
up to 900 K for the alloy with 39 at. % Co!, 1 order of
magnitude lower than those found in FINEMET and Mn fer-
rites and extended over a much wider temperature range than
in these materials.
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