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A Mössbauer spectrometry and magnetic study have been performed on FeCoSiAlGaPCB
amorphous alloys in order to get information about the variations in the atomic short range order
with the substitution of Fe by Co. The decrease of the Curie temperature with decreasing Fe content
was analyzed in the framework of the molecular field theory. The average hyperfine magnetic field
at 77 K decreases linearly with increasing Co content as does the average magnetic moment per
transition metal atom and a linear dependence between both quantities is found. The standard
deviation of the hyperfine magnetic field distribution at 77 K does not change with Fe substitution
and the average isomer shift increases linearly with the Co content of the alloy. The hyperfine
magnetic field distributions show a bimodal character that evidences the presence of two types of Fe
environments in the as-cast alloys. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1682689#

I. INTRODUCTION

The development of multicomponent amorphous soft
magnetic materials with low critical cooling rate for glass
formation and a wide supercooled liquid region before crys-
tallization has become an important research topic in recent
years.1 Amorphous FeSiAlGaPCB are known to have inter-
esting soft magnetic properties combined with good glass-
forming ability, promising technological applications of bulk
soft magnetic materials. The replacement of Fe by Co is
known to affect the glass forming ability and the magnetic
properties of these alloys.2

Chemical and topological short range order changes in
transition metal-metalloid alloys can be studied by macro-
scopic magnetization measurements and additionally by mi-
croscopic experimental methods, among which those based
on hyperfine interactions~nuclear magnetic resonance and
Mössbauer spectrometry! are believed to provide relevant in-
formation that reflects the variety of local surroundings of
resonant absorbing nuclei.

In the present work Mo¨ssbauer spectrometry and mag-
netic measurements have been used to study multicomponent
FeyCozBuCwSi3Al5Ga2P10 amorphous alloys~Table I! in or-
der to get information about the effect of substitution of the
transition metal atom in these metal-metalloid amorphous
alloys.

Mössbauer spectrometry is an especially useful tool for
studying amorphous alloys, where a variety of environments
must exist for each atomic species. It serves as a sensitive
probe of the average values of properties like the isomer shift
~IS! and the hyperfine magnetic field (Bhf). Even more im-
portant, it brings out the distribution of the hyperfine mag-
netic field which may show whether iron nuclei are sensing
the more or less uniform distribution of local fields or
whether there are two or more nonequivalent positions of
iron in the alloy. The average values of IS andBhf distribu-
tions often exhibit easily measurable composition depen-
dences which can be used to study some connections be-
tween the amorphous structure and the measured data.

II. EXPERIMENT

Multicomponent FeyCozBuCwSi3Al5Ga2P10 alloys
~Table I! were prepared by arc melting under argon atmo-
sphere. Raw materials of high purity were used; metals:
99.99%, FeC and FeB: 99.5%, FeP: 97.5%. From these al-
loys, 10 mm wide and 25-mm-thick amorphous ribbons were
prepared by single-roller melt spinning.

The Curie temperature,TC , was determined from mag-
netization versus temperature,M (T), curves measured with
a Faraday magnetometer in a field of 460 kA m21, fitting the
data belowTC to a critical law of the formM (T)}(T
2TC)b with b50.36 and extrapolating toM50. Mössbauer
spectra were taken at 77 and 300 K in a transmission geom-
etry using a57Co~Rh) source, with theg-beam perpendicular
to the ribbon plane. The values of hyperfine parameters were
refined usingNORMOS program.3 The isomer shift values are
quoted relative toa-Fe at 300 K.
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III. RESULTS AND DISCUSSION

A. Curie temperature

The Curie temperature of the alloys, shown in Fig. 1 as a
function of their relative Co/~Fe1Co! concentration,x, de-
creases monotonously as the Co content of the alloy in-
creases. This dependence ofTC is similar to that found in
(Fe12xCox)62.5Si12.5B25 alloys,4 but different to that observed
in amorphous Fe–Co based alloys with lower metalloid con-
tent, for whichTC shows a maximum for equiatomic Fe/Co
compositions.5,6 Curie temperature values were analyzed fol-
lowing a phenomenological model based on the molecular
field theory,7 that accounts for the dependence ofTC of an
amorphous ferromagnetic alloy with two different moments
on it, as a function of their relative concentration,x. If the
variation of the magnitude of the individual atomic moments
with composition is assumed to be small, the equation de-
scribingTC(x) can be expressed as

TC~x!5 1
2@TFeFe~12x!1TCoCox#1$ 1

4@TFeFe~12x!

2TCoCox#21TFeCo
2 x~12x!%1/2, ~1!

whereTFeFe, TCoCo, and TFeCo are related to the exchange
interactions of Fe–Fe, Co–Co, and Fe–Co pairs, respec-
tively. The overall behavior of ourTC(x) data is well de-
scribed using Eq.~1! as can be observed in Fig. 1~solid line!.
Best fitting values forTFeFe, TCoCo, andTFeCo are 575, 269,
and 525 K, respectively. Therefore, the strong decrease ofTC

with increasing Co content can be ascribed to the lower
value of the Co–Co exchange interaction compared to that of
Fe–Fe.

However, an analogous analysis on Curie temperature
values of amorphous Co-containing FINEMET-type alloys
with composition (Fe12xCox)73.5Si13.5B9Nb3Cu1

8 gives
TFeFe5590 K, TCoCo5656 K, andTFeCo5725 K. A stronger

exchange interaction between Co–Co atoms pairs compared
to that of Fe–Fe atoms pairs could explain the increase inTC

with Co content in these alloys series. Figure 2 shows the
interaction temperatures for several Fe–Co based amorphous
alloys as a function of their metalloid~B,Si,P,Al,C! content,
varying from 20 to 37.5 at. %.4–6,9 The arrows point to the
values corresponding to the alloys object of the present
study. For alloys with metalloid content>30%, the Fe–Fe
exchange interaction temperature is significantly stronger
than that of Co–Co atoms pairs, while only slightly higher
values ofTCoCo compared to those ofTFeFe are found for
alloys with metalloid content up to 22 at. %. The values of
TFeFeare all in the range of 630650 K, while big differences
are found inTCoCovalues:TCoCocorresponding to the present
alloys series, representing the Curie temperature of
Co70(C,B,Si,Al,Ga,P)30, is around 400 K lower than that of
a Co based alloy with a 25 at. % metalloid content and 200 K
higher than that of Co62.5Si12.5B25 amorphous alloy.4 These
results indicate that the influence of metalloid content on the
exchange interaction of Co–Co atoms pairs is much larger
than on Fe–Fe atoms pairs, as previously suggested.4 This
fact can be explained as due to an increase of the average
distance between Fe–Fe and Co–Co atoms pairs with in-
creasing metalloid content. As it has been stated by theoret-
ical calculations, in the case of pure amorphous Co, the ex-
change coupling tends to strengthen when the Co–Co
interatomic distance decreases, while in the case of the pure
amorphous Fe, a dependence of the exchange interaction
with the interatomic distance is not observed.10

B. Mössbauer spectrometry

Mössbauer spectra of as-quenched samples taken at 77 K
~Fig. 3! and at 300 K~Fig. 4! show the broad and asymmet-
ric six-line pattern characteristic of amorphous ferromagnetic
alloys. The data were fitted using a discrete hyperfine mag-

TABLE I. Composition of FeyCozBuCwSi3Al5Ga2P10 amorphous alloys.

Alloy A B C D E F

y 70 56 43 29 17 5
z 0 14 26 40 52 63
u 5 6 8 9 10 12
w 5 4 3 2 1 0
x5z/(y1z) 0 0.2 0.4 0.6 0.75 0.9

FIG. 1. Curie temperature,TC , of FeyCozBuCwSi3Al5Ga2P10 ~Table I!
amorphous alloys as a function of their relative Co/~Fe1Co! content,x.
Solid line: the simulation curve according to Eq.~1!. TFeFe, TCoCo, and
TFeCo are the parameters that best fit the experimental data.

FIG. 2. Compilation ofTFeFe, TCoCo, and TFeCo for some Fe–Co based
amorphous alloys as a function of their metalloid content.~see Refs. 4–6, 9!
The arrows point to the values corresponding to the alloys of the
present study.
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netic field distribution~HFD! with the quadrupolar splitting
averaged to zero. In order to reproduce the asymmetrical
shape of the spectra, a linear correlation between the hyper-
fine magnetic field and the isomer shift of the components of
the distribution was introduced.11

Figure 5~a! shows the average hyperfine magnetic field,
^Bhf&, at 77 and at 300 K, as a function ofx. The decrease of
^Bhf& with the Co content of the alloy is in accordance with
the observed dependence of the average magnetic moment
per transition metal atom~TM!,2 ^mTM&, that is also given in
Fig. 5~b!.

The decrease of̂mTM& as the Co content of the alloy
increases can be explained by the simple substitution of Fe
by Co moments, assuming both magnitudes to be constant
over the concentration range studied, as can be inferred from
the experimental linear relationship

^mTM&5mFe~12x!1mCox, ~2!

wheremFe51.76(8)mB is the average Fe moment of the Co
free alloy andmCo50.60(8)mB is the average Co moment of
the Fe free alloy. The lower values of the magnetic moments
of both Fe and Co in the amorphous alloys compared to
those of pure Fe and Co, respectively, can be explained as
due to p–d hybridization, which has to be stronger in the
case of Co as compared to Fe and thus the expected relative
decrease in the magnetic moment has to be larger for Co than
for Fe, in agreement with the experimental data.12

It is well known that the main contribution to the Fe
hyperfine magnetic field in amorphous alloys arises from the
Fermi contact term, which is proportional to the spin density
at the Fe nucleus.13,14 This quantity can be decomposed into
a core contribution and a valence contribution. The Fe core
contribution is considered to be proportional to the average
magnetic moment of the Fe atom in the alloy~or to its d
component which is nearly the same! while the valence con-
tribution, which roughly scales with thes component of this
magnetic moment, accounts for the contribution of the rest of
the alloy and can be considered to be proportional to the
surrounding momentŝmTM&:12

^Bhf&5a^mFe&1b^mTM&. ~3!

In the case of the FeCoSiAlGaPCB amorphous alloys
studied, the linear dependence of the low temperature^Bhf&
on ^mTM&, shown in Fig. 5~c!, can be expressed using the
relationship

FIG. 3. Transmission Mo¨ssbauer spectra at 77 K and their corresponding
fitting ~solid line! and hyperfine magnetic field distributions~right! of
FeyCozBuCwSi3Al5Ga2P10 ~Table I! amorphous alloys as a function of the
relative Co/~Fe1Co! content,x.

FIG. 4. Transmission Mo¨ssbauer spectra at 300 K and their corresponding
fitting ~solid line! and hyperfine magnetic field distributions~right! of
FeyCozBuCwSi3Al5Ga2P10 ~Table I! amorphous alloys as a function of the
relative Co/~Fe1Co! content,x.

FIG. 5. Average hyperfine magnetic field,^Bhf&, at 77 and 300 K~a! and
average magnetic moment per transition metal,^mTM&, ~b! of
FeyCozBuCwSi3Al5Ga2P10 ~Table I! amorphous alloys as a function of their
relative Co/~Fe1Co! content,x. Average hyperfine magnetic field,^Bhf&, at
77 K ~c! as a function of̂ mTM&.
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^Bhf&~T!519.0~3!11.3~3!^mTM&~mB!. ~4!

Such linear dependence has been previously observed in
Fe–Co and Fe–Ni based amorphous alloys.12,15,16Assuming
a constant average Fe magnetic moment of the alloy over the
whole range of linearity and taking for it the value of
1.76mB ~for Fe70Si3Al5Ga2P10C5B5), coefficientsa andb of
Eq. ~3! take the values 10.8(8) T/mB and 1.3(3) T/mB , re-
spectively.

The value of the coefficienta is slightly lower than those
found, around 12.5 T/mB , on a number of amorphous
alloys.13 The small value of coefficientb shows that substi-
tution of Fe by Co does not influence strongly the value of
^Bhf& supporting the constancy of^mFe& and consequently
that of ^mCo& through Eq.~2!. The small contribution of the
second term in Eq.~3! can be explained as due to the small
electronic free path in amorphous alloys due to structural
disorder.13,14

The concentration dependence of the average hyperfine
magnetic field is modified with increasing temperature@Fig.
5~a!#. The steeper decrease of^Bhf& with x at 300 K com-
pared to that at 77 K can be attributed to the decrease in the
Curie temperature of the alloy with increasing Co content in
the composition range studied.

Figure 6 shows the dependence of average isomer shift,
^IS&, at 77 and 300 K as a function ofx. A linear increase of
^IS& with x was also found in (FeCo)80B20

12 and
(FeCo)77B13Si10

17 amorphous alloys. Values of IS are closely
related to thes electronic charge densities at the nuclei. The
interpretation of IS at Fe nuclei is usually based on the idea
that the total density of electronic charge at the nucleus is the
sum of a valence contribution from 4s-like electrons which
depends mainly on the number of 4s electrons at the Fe atom
and a core contribution due to the 3s electrons which re-
flects, through the shielding effect, the number of 3d-like
electrons at the Fe atom. The monotonous increase of the
isomer shift with Co concentration could be explained as due
to an increase in the 3d electron density or a decrease in the
4s electron density or both at the Fe sites.18,19 Preferential
electron transfer from B to Fe with increasing Co concentra-
tion, due to the higher density of states in the Fed band and
therefore a stronger screening effect of the conduction elec-
trons at the Fe sites, could be an explanation.12

The standard deviation of the hyperfine field distribution,
sHFD5@^Bhf

2 &2^Bhf&
2#1/2, versusx, for spectra at 77 and 300

K, is shown in Fig. 7. Its value at 77 K does not show any
change with Co substitution within the experimental error
~60.1 T!. Thus, it can be concluded that short range order
around the Fe atoms, defined by the distances between the Fe
atom and its nearest neighbors and the probability of distri-
bution of the different atoms around the Fe one, does not
significantly change with Co substitution. On the contrary,
sHFD at room temperature decreases with increasing Co con-
tent. Therefore, the narrowing of the HFD at 300 K with
increasing Co content can be considered as an artifact caused
by the different Curie temperatures of the samples that
makes the measurements at room temperature not directly
comparable.

The hyperfine magnetic field distributions corresponding
to Mössbauer spectra of the studied alloys at 77 and 300 K,
are shown in Figs. 3 and 4~right-hand side!, respectively.
Their bimodal behavior reveals the presence of two main
kinds of iron environments in the amorphous as-cast state.
HFDs can be approximately described by means of two
‘‘gaussian’’ components. The high field~HF! component can
be ascribed to sites where Fe atoms are preferentially sur-
rounded by Fe, Co, Si~Al,Ga,P! and B ~C! atoms and the
low field ~LF! one to Fe atoms preferentially surrounded by
B ~C! atoms.20

In order to make easier the discussion of the changes in
the HFDs withx, peak position, width, and intensity of the
two gaussian components, HF and LF, are plotted in Fig. 8. It
should be noted for spectra at 77 K:~i! the independence of
the peak position of the LF component on Co content and the
small shift of the HF peak to lower values as the Co content
of the alloy increases. Both results are in accordance with
our previous assignation of atomic environments of Fe atoms
for both components.~ii ! The slight decrease of the width of
the HF gaussian withx, suggesting a small increase in the
short range order around the Fe atoms preferentially sur-
rounded by Fe, Co, Si~Al,Ga,P! and B~C! with increasing
Co content. The existence of chemical preferences leading
the B atoms to locate near Fe atoms and Si near Co, found
previously in (FeCo)75Si15B10 metallic glasses,21 can be the
origin of the small increase of the short range order in the
Co-rich side alloys.~iii ! The increase of the area of the LF
peak with x corroborates this assumption. Changes in the
HFD corresponding to spectra at room temperature can be
explained taking into account the earlier considerations for

FIG. 6. Average isomer shift, ^IS&, at 77 and 300 K, of
FeyCozBuCwSi3Al5Ga2P10 ~Table I! amorphous alloys, as a function of their
relative Co/~Fe1Co! content,x.

FIG. 7. Standard deviation of the distribution of hyperfine magnetic fields,
sHFD , at 77 and 300 K, of FeyCozBuCwSi3Al5Ga2P10 ~Table I! amorphous
alloys, as a function of their relative Co/~Fe1Co! content,x.
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HFD at 77 K and the difference of the Curie temperature of
the alloys.

The relative intensities of the lines of the spectra contain
information on the orientation of the internal magnetic field
in the absorber. In particular, there is a direct dependence
between the angleu, defined by the direction of the hyperfine
magnetic field and the propagation direction of theg rays,
and the intensities of the second and the third absorption
lines of the spectra given by the relationI 2,35(4 sin2 u)/(1
1cos2 u). The values ofu at 300 K, shown in Fig. 9~a!,
indicate the presence of an in-plane texture of magnetic mo-
ments for all alloys, which decreases linearly with the Co

content of the alloy as does the saturation magnetostriction,
lS ,2 @Fig. 9~b!#. This preferential orientation is consistent
with the presence of large quenched-in stresses.

IV. CONCLUSIONS

A Mössbauer spectrometry, at 77 and 300 K, and a mag-
netic study of amorphous (FeCoBC)80Si3Al5Ga2P10 alloys
provides strong evidence for the presence of Fe and Co con-
stant magnetic moments with values around those of Co-free
alloy and Fe-free alloy, respectively, for the compositional
range studied. The most important argument in this respect is
the linear dependence of the low temperature average hyper-
fine magnetic field on the average magnetic moment per
transition metal atom and the small change of^Bhf& of only
6% over a compositional range in which the^mTM& changes
by approximately 65%. The presence of two main types of
iron environments in the amorphous as-cast alloys can be
concluded, corresponding to Fe atoms preferentially sur-
rounded by Fe, Co, Si~Al,Ga,P!, and B~C! atoms and Fe
atoms preferentially surrounded by B~C! atoms. The exis-
tence of chemical preferences leading the B atoms to locate
near Fe atoms and Si atoms near Co atoms can be the origin
of the small increase of the short range order in the Co-rich
side alloys. All alloys show the presence of an in-plane tex-
ture of magnetic moments, that decreases with the Co con-
tent of the alloy as does the saturation magnetostriction.
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