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Abstract

Magnetic and structural properties of a Finemet type alloy (Fe;3 5Ge;s sNbzB;Cu;) without Si and high Ge content were studied.
Amorphous material was obtained by the melt spinning technique and was heat treated at different temperatures for 1 h under high
vacuum to induce the nanocrystallization of the sample. The softest magnetic properties were obtained between 673 and 873 K. The role
of Ge on the ferromagnetic paramagnetic transition of the as-quenched alloys and its influence on the crystallization process were studied
using a calorimetric technique. M6ssbauer spectroscopy was employed in the nanocrystallized alloy annealed at 823 K to obtain the
composition of the nanocrystals and the amorphous phase fraction. Using this data and magnetic measurements of the as-quenched
alloy, the magnetic contribution of nanocrystals to the alloy annealed at 823 K was estimated via a linear model.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Over the past few decades, nanocrystalline magnetic
materials have been investigated for applications in
magnetic devices that require soft magnetic materials such
as transformers, inducted devices, magnetic shielding, etc.
The benefits found in the nanocrystalline alloys stem from
their chemical and structural variation on a nanoscale,
which is important for developing optimal magnetic
properties.

Nanocrystalline alloys can be described as TL;_,)[TE,
M, NM], where TL denotes a late ferromagnetic transition
metal element, TE is an early transition metal element, M is
a metalloid, and NM is a noble metal. x is usually less than
0.20 i.e. with as many late ferromagnetic transition metals
(TL = Co, Ni, or Fe) as possible. The remaining early
transition metals (TE = Zr, Nb, Hf, Ta, etc.) limit the grain
growth and metalloids (M = B, P, etc.) promote glass
formation in the precursor. The noble metal elements
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(TN = Cu, Ag, Au) serve as nucleating agents for the
ferromagnetic nanocrystalline phase. The compositions are
limited by the glass formation ability of the alloy prior to
the nanocrystallization route. These alloys can be con-
sidered two phase materials with a nanocrystalline
ferromagnetic phase and a residual amorphous phase
between the grains. These materials have relatively high
resistivity and low magnetocrystalline anisotropy. These
properties make nanocrystalline alloys adequate candidates
to be used as soft magnetic materials. The FINEMET
(Fe7345Si13_5Nb3B9Cu1) [1], NANOPERM (Feggzr7B4Cu1)
[2,3] and HITPERM (Fey4Co044Z1r7B4Cu;) [4] nanocrystal-
line alloys are the softest magnetic materials developed to
date and are currently being considered for various
commercial applications.

In particular FINEMET alloy exhibits excellent soft
magnetic properties such as high permeability (u,~10° at
1kHz), low saturation magnetostriction (i~2x 10°9),
relatively high saturation magnetization (B~1.2T) and
resistivity (p~115pQcm) and a very low average structural
anisotropy ({K>~5J/m’) [1,5]. A typical nanocrysta-
lline microstructure grows when the amorphous alloy is
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crystallized by the primary crystallization process at nearly
823 K, forming BCC «-Fe(Si) nanocrystals (50-80 vol% of
the alloy [5]) with grain sizes of about 10-15nm
surrounded by a ferromagnetic amorphous matrix. This
microstructure exhibits excellent soft magnetic properties
that are attributed to the reduction in the effective
magnetic anisotropy, which is randomly averaged out by
the exchange interaction. Hence the condition to obtain
such soft magnetic properties is that the structural
correlation length should be shorter than the magnetic
exchange correlation length [5].

Several works have studied the influence of different
elements on these alloys [6-10] and the state of the art has
been reviewed in different works [5,11,12]. In this paper we
investigated the influence of the replacement of all Si and
part of B with Ge in the FINEMET type alloy.

2. Experimental

A FINEMET type ribbon FC73A5G615A5Nb3B7CU1
(Gel5.5) was obtained using the melt spinning technique.
Nanocrystallization was achieved by annealing the sample
at different temperatures (7,,,) under vacuum in the range
between 673 and 873K for one hour. The structural
evolution of the alloy was followed by X-ray diffraction
(XRD) wusing monochromatized Cu Ko radiation
(/121.5406&) in a Rigaku diffractometer and thermal
evolution was studied by differential scanning calorimetry
(DSC) using a Perkin-Elmer DSC-PYRIS 1 at different
scanning rates (10, 20, 40 and 80K/min). Magnetic
saturation of the samples was measured in a Physical
Property Measurement System (PPMS) at room tempera-
ture at a maximum applied field of 9T. Coercivity was
obtained from the hysteresis loops measured on both as-
quenched and annealed open strips (10—12 cm long) using a
quasi-static fluxmetric method by applying an axial field on
the sample and collecting the induced signal in a secondary
compensated pick-up coil. Mdssbauer spectroscopy (MS)
(*’Co source in a Rh matrix in transmission geometry
at room temperature) was performed to study the struc-
ture of the sample in the optimal magnetic state.
Mossbauer spectrum was fitted employing the NORMOS
program [13].

3. Results and discussion
3.1. Structural

The nanocrystalline BCC a-Fe(Si) phase typically forms
in FINEMET alloys, with a DOj structure [14]. In our
study all the Si and 2 at% of B were replaced with Ge so we
expected that Ge would take the place of Si, as previously
reported by Moya et al. [15]. Fig. 1 shows the XRD
patterns of the amorphous sample and the samples
annealed at different temperatures.

It can be seen that the nanocrystallization of a-Fe(Ge)
begins at T,,, = 673 K and no borides precipitate even at
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Fig. 1. XRD patterns corresponding to samples annealed at different
annealing temperatures.
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Fig. 2. Mossbauer fitted spectrum of the alloy annealed at 823 K. The
shadowed subspectra correspond to the amorphous phase.

Tann = 923K, differing from typical FINEMET alloys
[16,17]. In agreement with previous reports [18], this result
suggests that Ge stabilizes the nanocrystalline phase and
delays boride precipitation.

The lattice parameter, a, of the Gel5.5 nanocrystalline
alloy annealed at 823K (a = 5.764 A) is larger compared
with the FINEMET alloy (¢ = 5.676 A, [15]) due to the
difference in atomic size between Ge and Si.

Fig. 2 shows the Mdssbauer fitted spectrum of the alloy
annealed at 823 K. The spectrum was fitted employing two
(wide) sextets for the amorphous phase (hyperfine magnetic
field, Bhf = 3.07 and 9.41 T, respectively) plus other six for
the crystalline interactions.

Some of the crystalline hyperfine interactions parameters
are given in Table 1. Perhaps the most interesting feature of
these results is that the amount of Fe atom fraction obtained
by the MS fits in the amorphous phase is about 12.3%. If we
compare this value with those obtained by the same
technique for typical FINEMET alloy (i.e. around 40%
[15,19,20]) the former is markedly lower. This is due to two
reasons: a low boron content (independent of Ge content) as
compared with the 9 at% of traditional FINEMET [5] and a
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Table 1

Isomer shift (d), magnetic hyperfine interaction (Bhf), and relative
resonant absorption area (RA) obtained from the Mossbauer fitted
spectrum corresponding to the alloy annealed at 823 K

Spectrum o (mm/s) Bhf (T) RA (%) Fe-sites
1 —0.00738 33.75 6.7620 Ag+ Dy
2 0.03064 3245 247618 D, — Dg
3 0.04576 29.5 15.2121 A,
4 —0.02117 27.9 6.41319 Ay
5 0.1432 24.51 28.0059 As
6 0.24091 19.2028 17.9308 Ay

high Ge content. In a previous work Moya et al. [15]
observed that substitution of Ge by Si in FINEMET type
alloys produce an increment of the crystalline fraction. In
the present case the increment in crystalline fraction
compared with FINEMET is nearly 50%.

In order to calculate the Ge content in the nanocrystals
we employed the binomial distribution method for the DO;
structure [14]. The ordered DOj structure exists between
about 12.5 and 31at% Si and consists of two sublattices:
one with eight Fe atoms (named 4) and the other with Fe
and Si atoms (Ge in our case, named D). The 4,, D, are
binomial distributions used to calculate the Ge content.
A, = A(n,0) represents an iron atom in the A sublattice
(eight Fe atoms) having n Ge atoms as nearest neighbors
and 0 Ge atoms as next nearest neighbors. D, = D(0,n)
represents an iron atom in the D sublattice ((8-n) Fe and n
Ge atoms) having n Ge atoms as next nearest neighbors
and 0 Ge atoms as nearest neighbors. Based on RA data
and the binomial distributions, the atomic percentage
concentration of Ge in the nanocrystals was calculated to
be 18.64+0.5. This value is lower than that expected for a
nominal as quenched composition of 15.5 Ge at%. Thisis a
consequence of the high crystallization fraction present in
this nanocrystalline alloy that on one hand reduces the
amount of Ge in the nanocrystals and, on the other hand,
impoverishes the amorphous phase in Fe obtaining a
composition of the amorphous phase of ~44at% Fe.

Different DSC heating rates were performed to analyze
the ferromagnetic-paramagnetic transition (7,.) of the
amorphous phase, the o-Fe(Ge) primary crystallization
peak and its activation energy (E,). The 40 K/min DSC
curves of the studied alloy and the FINEMET one are
plotted in Fig. 3a. It can be clearly seen that Ge tends to
diminish the temperature of primary crystallization (7Ty,)
and delays the secondary crystallization corresponding to
borides precipitation. Fig. 3b shows DSC curves of the
alloy at different scanning rates (10, 20, 40 and 80 K/min).

The E, of the alloy was obtained by using Kissinger and
multiple scanning methods (MSM) [21,22].

The Kissinger method is based on the following
equation:

p E

lnF=R—;+ C, )
p
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Fig. 3. (a) DSC curve of the studied alloy compared with the FINEMET
alloy. (b) DSC curves of the alloy at different scanning rates (10, 20, 40
and 80 K/m).

where f is the heating rate, R is the universal gas constant,
T is the temperature 7}, is the peak temperature and Cis a
constant. Thus, E, can be obtained from the slope of a
straight line.

Taking into consideration the Arrhenius law for the
reaction rate, the following equation can be obtained:

Ox E,
ln<6t> _RT+ C, 2)
where x is the nanocrystallized fraction and Ox/0t is
the transformation rate. This last equation gives us a
second method (MSM) to calculate E, from the slope of
the straight line when plotting In(0x/0¢) as a function of
1000/T.

Fig. 4 shows the E, values calculated using the multiple
scanning method. A range of possible E, values of the
studied sample was observed in this case. These differences
can be appreciated when analyzing the lowest and highest
values of the nanocrystalline fraction and may be the result
of the different growth processes which involve different
activation energies. At the first stage of crystallization
kinetics is controlled by the interface while in a second
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Fig. 4. Multiple scanning method of the alloy considering the crystalline
fraction.

stage, kinetics is controlled by diffusion mechanisms in the
amorphous matrix [7]. These two mechanisms can be
intuitively observed in the asymmetric profile of the DSC
curves. Table 2 summarizes different values obtained from
DSC analysis of the alloy compared with values corre-
sponding to FINEMET.

3.2. Magnetic

The magnetic softness of these materials is due to the fact
that the structural correlation length is shorter than the
magnetic exchange correlation length over which spins are
coupled via exchange interaction.

The coercitivity can be associated to the mean value of
the anisotropy as

_P(K)
toMs”

where p. is a constant less than 1, po is the vacuum
magnetic permeability, M, is the saturation magnetization
and (K) is the average value of the anisotropies that
determine the magnetic behavior of the alloy. This value is
controlled by the different magnetic and structural
correlation lengths, and stresses induced in the material.
The effective averaged value of the anisotropy can be
expressed in a general form as

(K) = (Ku) + (Ky), (4)

where < K) is the averaged induced stress anisotropy and
{ K> is the averaged magnetocrystalline anisotropy.

Fig. 5 shows the H. as a function of the annealing
temperature. The graph was divided into three funda-
mental regions according to the microstructure of the
material. In the first region (Region I) the material is
essentially amorphous and the coercivity is determined by
the induced stress in the material. Thus, the mean value of
the anisotropies can be expressed as

(Kyu) =3(0), (5)

Hc

(€)

Table 2
Te, Tonser» and T}, obtained from DSC data at 40 K/min and E, calculated
using two methods: multiple scanning (MSM) and Kissinger

Tc Tnnset Tp E’d (eV/at)
FINEMET 593.0 796.2 829.7 4.30 [7]
Gel5.5 664.0 700.0 774.0 4.204+0.30 (MSM)/
4.28 (Kissinger)
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Fig. 5. Coercivity as a function of annealing temperature. Inbox: region
where the alloy presents the optimal magnetic properties.

where (¢ ) is the average value of the residual stresses and
/A is the saturation magnetostriction constant of the
amorphous phase. (o) tends to diminish during the heat
treatment before primary crystallization. This behavior was
observed in the alloy between the as-quenched sample and
the sample treated at 673 K.

In the second region, between 673 and 873 K (Region II),
the material presented the softest magnetic properties.
Neglecting the effect of induced stresses in the material the
magnetic behavior can be expressed in terms of the random
anisotropy model [23]. The average crystalline anisotropies
depend on grain size, D, crystallite anisotropy, K;, and
exchange stiffness values, 4, as
KiD¢

4

In most of these alloys magnetic hardening appears
during the first stage of crystallization. This magnetic
hardening was attributed to the fact that the very small
crystallites act as inclusions which induce stresses that give
rise to domain wall pinning centers in the amorphous
matrix. Magnetic hardening of the alloy was observed at
annealing temperatures close to 773 K.

In the last region (Region III), the structural correlation
length is greater than the magnetic correlation length. This
generates the magnetic hardness of the material, as can be
observed in Fig. 5. Saturation magnetization of the
sample was measured for the as-quenched and nanocrystal-
line state (T, = 823K). The obtained values were

(K1) ~

(6)
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138+ 2emu/g for the as-quenched alloy and 140 +4 emu/g
for the annealed sample. Taking into account that the
amount of Fe was 72.66 wt% the magnetic moment per Fe
atom in the amorphous alloy was 1.91 +0.05 ug/at.

The magnetic contribution of the nanocrystals in the
alloy was calculated considering the Ge concentration in
the crystallites (18.6+0.5%) obtained by Mdssbauer
analysis. To obtain the magnetic contribution we used a
simple and linear model which relates the change in the
magnetic moment of the nanocrystals due to the addition
of Ge in the cell. This model was first employed by
Okumura et al. [24] in Si rich FINEMET alloys and it is
based on experimental measurements performed on differ-
ent alloys [25]. A detailed description of the model was
published elsewhere [26].

The relationship between the amount of Ge atoms in the
cell and the magnetic moment of an iron atom is given by:

U= g + KGeXGe> (7

where uo = 2.15 ug/at is the magnetic moment of an Fe
atom in the absence of Ge as nearest neighbors (NN) in the
BCC lattice, vge = —1.35 ug/at® is the proportional con-
stant of Ge [Corb], and xg, is the fraction of Ge atoms as
NN in the cell on the basis of a total of 9 atoms. The kg,
constant is related with the change in the density of
conduction electrons due to the expansion or contraction
of the lattice and to the electronic configuration of the
different atoms.

The magnetic moment of a cell can be expressed as p.; =
>y with >0 = (nge), where the o; coefficients can be
obtained from the concentration of Ge and Fe in the DO;
structure with i from 1 to 4, and where <{ng. > is the average
number of iron atoms in the DOj; cell and yu; (i = 2, 3) is the
magnetic contribution of an iron atom with i different
number of Ge atoms as first neighbor in the BCC lattice.

In our case, the DOj structure of the nanocrystalline
phase of the alloy has 18.6 at% Ge which means that there
is an average of 13.024 Fe atoms and 2.276 Ge atoms in a
unit cell, i.e. 122 out of 125 unit cells have 13 Fe and 3 Ge
atoms and 3 out of 125 have 14 Fe atoms and 2 Ge atoms.
We can consider that the 122/125 cells of the DOjs structure
with 13 Fe and 3 Ge atoms contain 5 Fe atoms with no Ge
atoms as NN and 8 Fe with 3 Ge atoms as NN. The 5 first
Fe atoms contribute to the magnetic moment per iron atom
with Sxuy and the last 8 Fe atoms contribute with 8xpus,
where p3; = 1.7 ug/at. Applying this same procedure to the
3/125 DOj; cell with 14 Fe and 2 Ge atoms there are 6 Fe
atoms with no Ge atoms as NN, resulting in a magnetic
contribution of 6xp, and there are 8 Fe with 2 Ge atoms as
NN which contribute with 8xu,, where p, = 1.85 up/at.
Thus, the magnetic contribution of a DOj cell can be
calculated as

122
,Llcell = m[s X 215 + 8 X 17]

3
+ 1556 X 215+ 8 x 1.85]. ®)

Considering the Fe and Ge mass we concluded that the
magnetic contribution of the nanocrystals in the alloy was
144+2emu/g. The error was calculated considering the
error carried from the Mossbauer analysis.

If we assume that M. = cMc+(1—c)M,,,, (Where ¢ is
the crystalline mass fraction, M, is the measured satura-
tion magnetization of the nanocrystalline sample, M. is
the calculated saturation magnetization of the cell and M,
is the remnant amorphous saturation magnetization) and
considering that the crystalline mass fraction could be
around 85% of the alloy, the magnetic contribution of the
amorphous phase will be close to 117 emu/g.

4. Conclusions

The structural analysis allowed us to confirm that Ge
stabilizes the nanocrystalline phase and delays boride
precipitation. Mossbauer spectroscopy showed that after
lh at 823K the 87.7at% of Fe atoms were in the
crystalline phase. Consequently, the composition of
o-Fe(Ge) nanograins remained at (18.6+0.5)at% Ge and
the amorphous matrix impoverished in Fe. Typical
activation energy value for FINEMET alloy of 4.3¢V/at
and Curie temperature of 664.0 K were obtained from DSC
analysis. From magnetic measurement the material showed
the softest magnetic properties between T,,, = 673 and
873K with a minimum value of 5A/m. Saturation
magnetization of as-quenched and nanocrystalline samples
was 138+2 and 140+4emu/g, respectively. Considering
the Fe and Ge masses we found that the magnetic
contribution of the nanocrystals in the alloy was
144 +2emu/g.
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