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High-temperature magnetic behavior of FeCo-based nanocrystalline alloys
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The soft magnetic response of nanocrystalline Fe73.52xCoxSi13.5B9Cu1Nb3 ~x50, 30, and 45! samples are
analyzed above room temperature through the temperature evolution of the magnetic permeability and the
associated loss factor. Moreover, the actual structure and composition of the crystalline phase is analyzed
through neutron-diffraction studies. The results show that the inclusion of Co atoms give rise to an improve-
ment in the soft magnetic behavior at high temperatures with respect to the Fe-based sample as a consequence
of the increase in the Curie temperature of the precipitated crystallites. However, the role of the residual
amorphous matrix cannot be disregarded and the decrease in its Curie temperature for the Co richest sample
gives rise to a deterioration of the high-temperature soft magnetic response. The observed temperature evolu-
tion is analyzed within the framework of the random anisotropy model and associated with the temperature
dependence of the magnetic coupling between the ferromagnetic crystals.
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The study of FeCo-based nanocrystalline materials re
sents a topic of growing interest in the field of new bulk s
magnetic materials for high-temperature applications.1–10

These nanocrystalline materials are characterized by the
cipitation of a randomly oriented FeCo nanocrystals emb
ded in a residual amorphous matrix. Their excellent s
magnetic response is mainly correlated with the averag
out of the magnetocrystalline anisotropy via the magne
interactions between the two constituent magnetic phase
these FeCo-based nanocrystalline alloys, the higher sa
tion magnetization and Curie temperature of the crystal
phase with respect to the Fe based alloys, determines
high-temperature magnetic response and makes them p
ising candidates to be extensively employed in hig
temperature power applications.

Among these FeCo nanocrystalline alloys the FeCoZrB
alloys ~HITPERM! stand out.1–5 In these alloys the precipi
tation of the cubic FeCo grains~B2 structure! bear an im-
provement of the high-temperature soft magnetic proper
with respect to the Fe based FeBCuM (M5Zr,Nb,Hf) al-
loys. In a similar way, when Co is added to the FeSiBNb
alloys, a different FeCo~Si! crystalline phase characterize
the nanocrystalline state.6–10 Due to its higher magnetic mo
ment and Curie temperature with respect to the FeSi pha
similar improvement of the soft magnetic response at h
temperatures must be expected. However, the magnetic
ture and temperature dependence of the residual amorp
matrix should not be disregarded and its contribution at h
temperatures could play a dominant role in the magnetic c
pling between the two ferromagnetic phases. In this se
the aim of the present work is to analyze the tempera
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dependence of the magnetic coupling in nanocrystal
Fe73.52xCoxSi13.5B9Cu1Nb3 alloys through the analysis of th
temperature evolution of the magnetic permeability.

Amorphous ribbons 1 mm wide, about 20mm thick, were
obtained by melt spinning technique with nominal compo
tion Fe73.52xCoxSi13.5B9Cu1Nb3 ~x50, 30, and 45!. In order
to obtain the characteristic nanocrystalline structure,
samples were submitted to isothermal treatments~1 h! in an
Ar atmosphere at 550 °C. The precipitated crystalline ph
was analyzed by room-temperature neutron-diffraction m
surements at the D1B diffractometer in the Institute La
Langeving ~ILL !, Grenoble ~France!. The radiation em-
ployed (l51.28 Å) was monochromatized using germ
nium with the~3,1,1! reflection. Transmission data were co
lected from 2u510° – 90° in 0.2° steps with a3He/Xe
position sensitive detector. The actual structure of the p
cipitated crystalline phase was analyzed through the fitting
the obtained spectra using the Rietveld method,11,12 through
the FULLPROF98 program.13 Background corrections wer
performed with a fourth-order polynomial function and th
peak profile parameters were refined assuming a Gaus
profile. With respect to the magnetic measurements, the t
perature dependence of the magnetic permeability was d
mined through a conventional induction method at 1 kH
with a maximum ac magnetic field of 48 A/m in a temper
ture range from 200 to 475 °C. The room-temperature a
hysteresis loops at 50 Hz were also obtained in order
estimate the coercivity of the as-cast and annealed samp

Figure 1 shows the room-temperature neutron-diffract
patterns for the annealed Fe73.52xCoxSi13.5B9Cu1Nb3 alloys
with x50 ~a! andx545 ~b!. Both alloys are characterized b
©2002 The American Physical Society01-1
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the precipitation of a randomly oriented fcc phase with me
grain diameter of the order of tens of nanometers. As i
extensively reported, the Fe-based sample (x50) is charac-
terized by the precipitation of the Fe3Si with DO3 super-
structure~lattice parameter,a55.667 Å!.14 In this structure
Fe atoms are located at two nonequivalent~1

4,
1
4,

1
4! and ~1

2,
1
2 , 1

2! positions~8c and 4b, respectively, according Wyckof
notation, International tables of Crystallography!15 and Si at-
oms in the~0, 0, 0! positions (4a). It has been shown tha
when transition metal impurities are added to Fe3Si, there is
a selective substitution for Fe in one of the two nonequi
lent sites depending on the position of the impurities in
periodic table.16,17 In the particular case of Co, nuclea
magnetic-resonance, neutron-diffraction, and Mo¨ssbauer ex-
periments show that Co substitutes Fe into the 8c positions,
forming a single fcc phase (Fe32yCoySi) for y<2.15.

In our present case, the effect of the inclusion of Co c
be first observed through the analysis of the superstruc
~1,1,1! and~2,0,0! reflections of the neutron-diffraction spe
tra. As Fig. 1 shows the inclusion of Co gives rise to a cl
change in the relative intensities of both reflections that
be directly ascribed to the inclusion of Co atoms in the p
cipitated crystalline phase. This effect cannot be observed
conventional x-ray diffraction experiments due to the simi
values of the x-ray scattering factors for Fe and Co ato
Using the Rietveld refinement technique, the estimation

FIG. 1. Room-temperature neutron-diffraction patterns for
nanocrystalline Fe73.52xCoxSi13.5B9Cu1Nb3 samples~Ta5550 °C,
1 h! for ~a! x50 and~b! x545. The solid line represents the R
etveld refinement. The standard difference between the meas
and calculated profiles is shown at the bottom of the diagram.
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the actual structure of the crystalline phase can be perform
The solid line in Figs. 1~a! and 1~b! show the Rietveld re-
finement to the DO3 and L21 superstructures, respectivel
with the following magnetic moments: m
(FeI , in 4b positions)52.20mB , m (FeII , in 8c positions)
51.35mB , m (Co)51.70mB and m (Si)520.07mB ~Ref.
16! ~global temperature factorB5(0.3560.05) Å2 and
magnetic moments parallel to the cubic axis!. The best fitting
is obtained assuming the previous Co substitution into thec
positions and the following compositions:x50, Fe80Si20 and
x545, Fe35Co50Si15. It is important to remark that the pre
sented neutron-diffraction studies confirm the previously
ported compositional dependence obtained from the c
parison between the decrease of the lattice parameter o
precipitated crystalline phase withx ~x-ray diffractometry! in
these nanocrystalline samples and the reported data
Fe32yCoySi crystalline alloys.10

With respect to the magnetic measurements, Table I s
marizes the room-temperature coercivity,Hc , for the
samples in as-cast state and after being submitted to
nanocrystallization thermal treatment. An intermediate co
position withx530 is also included. As these results refle
the optimum soft magnetic state at room temperature
found in the annealed sample forx50. However, in the
FeCo alloys the crystallization process gives rise to an
crease ofHc with respect to as-cast value. The detected
crease ofHc with x must be correlated with the increase
the mean grain diameter,d, of the precipitated crystalline
phase@from d(x50)511 to d(x545)515 nm# as previous
x-ray diffraction and transmission electron microscopy stu
ies reflect.10

In order to characterize the high-temperature magnetic
sponse of the nanocrystalline alloys, the magnetic permea
ity, m, was measured as a function of the temperatureT,
(200<T<475 °C). Figure 2 shows the temperature dep
dence of the~a! real (m r) and ~b! imaginary (m i) compo-
nents of the magnetic permeability,m5m r1 im i , for x50,
30, and 45. First, the inclusion of Co atoms in the nomin
composition of the alloy~x530 and 45! gives rise for low
measuring temperatures (T<225 °C) to a decrease and a
increase ofm r andm i , respectively, with respect to the pe
meability of the Fe-based sample (x50). This magnetic
hardening supports the presented evolution of the roo
temperature coercivity,Hc , displayed in Table I. However
the most remarkable result regarding high-temperature ap
cations is that the FeCo samples present an increase in
magnetic response~increase inm! for T.300 °C with re-
spect to that of Fe-based alloy (x50). As is shown in Ref.
10, an increase in the nominal Co content of the alloy,x,

e

red

TABLE I. Room temperature coercivity,HC ~50 Hz!, for x50,
30, and 45 nanocrystalline Fe73.52xCoxSi13.5B9Cu1Nb3 samples.

x
HC(A/m)
As-cast

HC(A/m)
Annealed

0 8.6 3.6
30 2.4 10.7
45 4.8 14.8
1-2
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gives rise to an enrichment of Co concentration in the p
cipitated crystalline phase and to a parallel increase in
corresponding Curie temperature@i.e., TC1 @TC1(x50)
5530 °C andTC1(x545)5796 °C#. Thus, if the crystalline
phase dominates the high-temperature magnetic beha
this increase ofTC1 with the Co content of the crystallin
phase will have associated a parallel increase inm at high
temperatures. However, as Fig. 2 shows, the highest m
netic response atT.300 °C is obtained forx530 instead of
x545 ~the Co richest sample!. Then, the role of the residua
amorphous matrix cannot be disregarded and must be
lyzed in order to explain the observed high-temperaturem
behavior.

As Fig. 2~b! shows, where the Curie points of the residu
amorphous matrix,TC2 , obtained from previous thermo
gravimetry analysis10 are indicated with arrows, the imag
nary component,m i presents a maximum value forT
'TC2 . Such a maximum is a characteristic feature of diff
ent magnetic transitions~i.e., freezing temperature in spi
glasses18!. Due to the proximity ofTC2 , this maximum can
be ascribed in our present case to the magnetic decoup
between ferromagnetic crystallites. However, it is rema
able that in the Co richest sample (x545) m i just smoothly
decreases withT.

FIG. 2. Temperature~T! dependence of the~a! real (m r) and~b!
imaginary (m i) components of the magnetic permeability,m5m r

1 im i for x50, 30, and 45 nanocrystallin
Fe73.52xCoxSi13.5B9Cu1Nb3 samples. The Curie temperature of th
residual amorphous matrix,TC2 , are indicated with arrows in~b!.
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To characterize this magnetic transition the loss factortg d
is introduced as

tg d5
m i

m r
. ~1!

Figure 3 shows the temperature dependence oftg d for the
analyzed nanocrystalline samples. Sincetg d is associated to
the energy loss per cycle, its maximum value aroundTC2 can
be directly ascribed to the magnetic decoupling between
romagnetic crystallites. In fact, the occurrence of maxim
values inHc(T) for T'TC2 in similar nanocrystalline sys
tems is extensively reported and correlated to the magn
transition associated to the magnetic decoupling betw
crystallites.19,20

First, for x545 a wide maximum intg d is found for T
'TC2 . The occurrence of broad maximums inHc(T) in
these nanocrystalline systems has been previously repo
and associated to the existence of a broad distribution
Curie temperatures of the residual amorphous matrix.19–21

Then, the observed increase in the width of the maximum
tg d with x ~see Fig. 3!, would indicate a parallel increase i
the inhomogeneity of the residual amorphous phase. Fox
545 this inhomogeneous contribution would give rise to t
absence of a well-defined transition temperature and thu
the disappearance of the maximum value inm i(T) @see Fig.
2~b!#.

Second, it is important to remark that the temperature
the maximum intg d, TP , does not agree withTC2 for x
50 and 30 samples~see Fig. 3!. While TP,TC2 for x50,
the opposite behavior (TP.TC2) is found forx530. As was
previously shown,22 within the framework of the random an
isotropy model, the temperature dependence of the effec
magnetocrystalline anisotropy,keff can be expressed as

keff5
vc

2k1
4d6

A3 ~2!

with vc being the volume crystalline fraction,k1 being the
magnetocrystalline constant of the crystalline phase, anA

FIG. 3. Loss factor,tg d, versus temperature,T, for x50, 30,
and 45 nanocrystalline Fe73.52xCoxSi13.5B9Cu1Nb3 samples. The
Curie temperatures of the residual amorphous matrix,TC2 , are in-
dicated with arrows.
1-3
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being the mean exchange constant of the coupled sys
A5(A1A2)1/2 ~A1 andA2 the exchange constants of the cry
talline and amorphous phases!. Assumingk1 and A1 to be
roughly constants in the measuring temperature range,keff(T)
should increase as a consequence of the expected decre
A2 for T<TC2 . The magnetic decoupling between the ferr
magnetic grains would take place at a temperatureTP where
keff(TP)'k1 . Therefore, according to Eq.~2!, TP and the tem-
perature evolution ofkeff(T) would be mainly governed by
A2(T).23,24 Considering A2(T)}(12T/TC2)2b (b50.36)
near TC2 , it is quite clear that the magnetic decouplin
should be always observed forT<TC2 ~x50 and 45
samples!. However, as it is shown in Fig. 3, the magne
transition takes place forx530 above the Curie temperatur
of the amorphous matrix. The shift inTP aboveTC2 can only
be explained assuming that the exchange coupling betw
grains takes place through the paramagnetic amorph
matrix,19,20,25 as is extensively reported in multilayere
systems.26 In our present case, due to the similar main d
tance between ferromagnetic crystals~similar mean grain
sizes and volume fraction of the precipitated crystalli
phase!, the actual magnetization of the single ferromagne
grains would play a dominant role in the occurrence of
shift of TP above TC2 for x530. In this sense, high
temperature studies are now in progress in order to dee
into the exchange interaction contribution to this magne
transition.

Finally, with respect to the comparison of the magne
response with the Co content of the alloy,x, it can be con-
cluded that the softest magnetic response is the result o
combination of the magnetic characteristics of both fer
magnetic phases. According to Eq.~2!, the increase ofm
~decrease ofkeff! for the CoFe-based samples at high te
peratures should be interpreted as a consequence of th
hancement of the effective exchange correlation lengthA,
with respect to the Fe base (x50) alloy. At a fixed measur-
.

01240
m,
-

e of
-

en
us

-

e
c
e

en
c

c

he
-

-
en-

ing temperature, the exchange constant can be consid
roughly proportional to the corresponding Curie temperat
of each ferromagnetic phase (Ai}TCi ,i 51,2). Thus, the ob-
served increase ofm in the CoFe samples should be direc
correlated to the increase inA1 associated to the higher Cur
point of the crystalline phase in these alloys. Such an
hancement is reinforced forx530 by the highestTC2 . How-
ever, in the Co richest sample (x545) the increase inA1 is
compensated by the parallel decrease inA2 correlated with
the decrease in the Curie temperature of the residual am
phous matrix.

In conclusion, the high-temperature evolution (200<T
<475 °C) of the soft magnetic behavior of nanocrystalli
Fe73.52xCoxSi13.5B9Cu1Nb3 ~x50, 30, and 45! alloys has
been analyzed through the temperature dependence o
magnetic permeability and the associated loss factor.
FeCo samples present an improvement in the soft magn
behavior forT>300 °C, which is a direct consequence
the precipitation of aL21-FeCoSi phase with higher Curi
temperature than the DO3-FeSi phase characteristic of th
Fe-based sample. The actual composition and structur
this precipitated crystalline phase is analyzed throu
neutron-diffraction studies. However, the role of the resid
amorphous matrix cannot be disregarded and the decrea
its Curie point for the Co richest sample, gives rise to
decrease in the soft magnetic response at high temperat
Thus, the results show that in the search of bulk soft m
netic materials for high-temperature applications, both cr
talline and residual amorphous phase contributions mus
considered in order to optimize the magnetic response in
desired high-temperature range.
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