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Abstract. The amorphous system Fe–Zr has been extensively studied due to its particular
magnetic behaviour, especially in the concentration range around 90 at.% Fe, only accessible
by rapid quenching. We have extended the study to lower Fe content alloys, by using mechanical
alloying to synthesize FexZr100−x amorphous powders with x = 65, 70, 75. Mössbauer spectra and
magnetization measurements have been performed as a function of temperature. Different magnetic
measurements were performed to characterize the Curie temperatures of these multiphase samples
and hyperfine field (Bhf ) distributions, P(Bhf ), were used to fit Mössbauer spectra below the
Curie temperature (TC ) and quadrupole splitting distributions, P(
), above TC , in agreement with
the amorphous structures. The hyperfine field distributions of as-milled samples are characterized
by two maxima and are fitted with two Gaussian curves that evolve with temperature in position,
intensity and width. This bimodal behaviour has been also found in higher Fe content FeZr alloys as
well as in ternary alloys with boron, and with nickel, and can be interpreted as arising from different
neighbourhood Fe sites. The rather uncommon P(
) are also interpreted in the same terms.

1. Introduction

Amorphous Fe–Zr alloys have been extensively studied in the last 20 years and their complex
magnetic behaviour has been a subject of intensive experimental and theoretical research.
Indeed, Fe rich alloys, usually rapid quenched ribbons, show interesting anomalous magnetic
phenomena at low temperature such as Invar and re-entrant spin-glass behaviour [1–4]. In
addition, some electronic structure calculations have predicted the distribution of magnetic
moments, the non-collinear magnetic arrangement and the spin-glass ordering. But it is
important to emphasize that the magnetic properties of amorphous Fe–Zr alloys are strongly
dependent on Fe content and on the local atomic order.

For iron content below 90 at.%, rapid quenching technique from the molten state is not
able to produce the amorphous alloy, except for concentrations around 25 at.% Fe, which is
not magnetically interesting. So, other methods have to be used to produce the amorphous
phase, such as the sputtering technique [4, 5] or mechanical alloying [6, 7]. For example, by the
mechanical alloying technique amorphous samples can be obtained in the range 30–78 at.% Fe
[6]. Indeed, the principles of these routes favour the synthesis of atomic scale disordered
alloys either coated on a substrate or in fine powders, respectively. For these concentrations
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the system has at least two transformations as a function of concentration, that is from
superconductor below ≈30 at.% Fe to paramagnetic, and to ferromagnetic above ≈45 at.%
Fe [4]. Nevertheless, there are no many exhaustive magnetic and structural studies for these
alloys in the ferromagnetic region below 90 at.% Fe.

The aim of this work is twofold: (a) to synthesize FeZr amorphous ferromagnetic powders
below the Fe composition range obtained by the melt spinning technique and (b) to study the
structural and magnetic homogeneity of the thus obtained amorphous samples. In that way,
the amorphous alloys FexZr100−x with x = 65, 70, 75 have been synthesized by means of high
energy ball milling, so-called mechanical alloying, that allows us to obtain the amorphous
phase in a wide concentration range [6–9] and provides a considerable amount of powdered
sample. The amorphous samples were characterized by means of x-ray diffraction, magnetic
measurements and 57Fe Mössbauer spectrometry, so that we obtained information about the
global magnetic behaviour as well as about the local structure, at zero applied field, as a
function of temperature.

2. Experimental section

Pure Fe and Zr powders (99.99%) were milled under Ar atmosphere in a Retsch PM 4 planetary
ball mill with a nominal concentration of FexZr100−x (x = 65, 70, 75). All the samples were
milled at the same mill operation velocity of 300 r.p.m., in Cr steel vials. The ball diameter was
10 mm, and powder to balls mass ratio was fixed to 1:10. In order to check the evolution of the
amorphicity of the samples two techniques were used: x-ray diffraction (Cu-Kα radiation was
used) and 57Fe Mössbauer spectrometry. The isomer shift values are quoted relative to that of
bcc-Fe at 300 K. The x-ray diffraction patterns are presented in Figure 1 corresponding to 35
milling hours for x = 65, 75 samples and 45 milling hours for the x = 70 sample. A good
amorphous state was presumed, although a small reflection around 2θ = 32◦ indicates that
there is a minimum quantity of non-amorphous pure Zr without any influence on the magnetic
response of the samples. Besides, a small contribution (in all cases less than 2 at.%) which is
unambiguously attributed to α-Fe was only observed on low temperature Mössbauer spectra
(see below) because the magnetic hyperfine structure favours the occurrence of small satellite
lines in contrast to RT where the absorption is contained in the quadrupolar doublet.

Magnetic characterization was done using a Quantum Design SQUID magnetometer.
Magnetization–field and low field magnetization–temperature measurements were performed
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Figure 1. X-ray diffraction patterns of the as-milled Fe65Zr35, Fe70Zr30 and Fe75Zr25 samples.
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to obtain both the saturation magnetization and the Curie temperatures (TC) as well as to check
the chemical and structural homogeneity of the alloys looking at the fall of the magnetization
around TC .

Transmission Mössbauer spectra were measured using a conventional constant
acceleration spectrometer as a function of temperature, between 4 K and room temperature
(RT). Experimental Mössbauer spectra were fitted with Brand’s NORMOS program [10] and
with the MOSFIT program developed by Teillet and Varret [11] using two components below
the amorphous Curie temperature (TC): one crystalline magnetic sextet for crystalline α-Fe,
when present, and a distribution of hyperfine fields (P(Bhf )) to describe the sextet with
broadened and overlapped lines assigned to the amorphous phase. Above TC , the quadrupolar
doublets with broad lines are reproduced with distributions of quadrupole splitting, P(
).
Linear correlations between P(Bhf ) and the isomer shift distribution P (IS) below TC and
different types of correlation between P(
) and P (IS) were included to account for the
asymmetry of the spectra above TC , respectively. Then, the resulting P(Bhf ) were fitted
at each temperature with two independent Gaussian curves while P(
) were compared to
those predicted by different structural models.

3. Results and discussion

3.1. Magnetic measurements

Low temperature magnetization (figure 2(a)) and thermomagnetic curves at 200 or 300 Oe
applied field (figure 2(b)) were recorded for the as-milled samples. These fields are high
enough to overcome the coercivity but low enough to give a sharp magnetic transition at TC .
Magnetic saturation is reached in relatively low fields and the magnetic moment per iron
atom can be easily obtained. The relatively sharp decrease in M at the Curie temperature,
TC , allows us to estimate it as the minimum of dM/ dT . The temperature range at which
dM/ dT deviates from zero is large. Such a feature might be consistent with a somewhat
distributed transition that can arise from composition inhomogeneities, due to the milling
process. It is important to emphasize that TC is strongly dependent on the Fe content within
this concentration range in the case of the FeZr system. So, one concludes the presence of
composition inhomogeneities.

The increase of both TC and Ms (5 K) (table 1) with Fe enrichment is in agreement with
previously published results for this system within the same concentration range [4], and its
values allow us to confirm that the present as-milled amorphous phases are near nominal
average concentration.

Complementary to these measurements, modified Arrot plots [12] were made on the
Fe75Zr25 sample. Arrot plots are known to be very sensitive to magnetic inhomogeneities [13]
and they can give insight into the concentration spread in these compounds. Magnetization
versus applied field between 0.5 and 4 T was measured with a field increase of 0.5 T in the
temperature range 180–300 K. Although the linear fit is not perfect in the vicinity of magnetic
transition, the critical exponents β and γ were estimated at 0.35 and 1.36, respectively. These
values are in good agreement with those found in FeZrB alloys prepared by rapid quenching
[14]. In figure 3 are represented M

1/β
s versus (H/M)1/γ (a) and M

1/β
s versus temperature

(T < TC) and inverse susceptibility versus temperature (T > TC) (b) for the as-milled sample
Fe75Zr25. The static magnetic measurements reveal different ferromagnetic Curie temperatures
(extrapolated from T < TC) about 15 K less than in the previous measurement. It seems that
Arrot plots give the lowest value of TC while dM/ dT indicates the most probable one in a
distribution. Such a feature suggests the presence of some magnetic inhomogeneity in the
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(a) (b)

Figure 2. (a) Magnetization curves taken at 5 K for the different as-milled Fe75Zr25, Fe70Zr30 and
Fe65Zr35 samples. (b) Thermomagnetic curves at 200 or 300 A m−1 applied field. The minima of
dM/ dT are taken as the mean TC of the samples.

Table 1. Magnetic parameters of the samples. The Curie temperatures have been deduced from
the magnetization derivative against temperature. The Ms and µFe values present an error of 1%;
the error for the Curie temperatures is ±2 K.

TC (K)
Sample Ms (5 K) (A m2 kg−1) µFe (5 K) (µB ) (dM/ dT )

Fe65Zr35 55 1.03 190
Fe70Zr30 70 1.19 220
Fe75Zra

25 89/95a 1.38 252/270

a As milled/annealed 500 ◦C, 1 h.

samples. The paramagnetic Curie temperature (extrapolated from T > TC) is also different
from the ferromagnetic one, but this can arise from the itinerant character of the ferromagnetism
in these samples.
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Figure 3. Modified Arrot plot (a) as well as spontaneous magnetization (Ms ) with inverse
susceptibility versus temperature (b), for the sample Fe75Zr25 as milled.

3.2. Mössbauer spectrometry

Some Mössbauer spectra above and belowTC are shown in figures 4 and 5 for as-milled samples.
The room temperature spectra exhibit unresolved asymmetrical quadrupolar structures as
usually observed in the case of as-quenched amorphous alloys. It is important to note that
neither a pure 
 discrete distribution, P(
), nor linearly correlated P(
) and P (IS) models
were able to properly describe the quadrupolar spectra of the present as-milled FeZr powders,
in contrast to most as-quenched amorphous alloys, particularly FeZr alloys. The best fits which
are reported there [1, 4] were obtained using uncorrelated P(
) and P (IS), where IS values
are slightly dispersed. Nevertheless, a fitting procedure based on the superimposition of two
subcomponents, each one resulting from linearly correlated P(
) and P (IS) with negative and
positive correlation coefficients, in agreement with subspectra of opposite asymmetry, can be
applied. This procedure is physically realistic but a priori rather complex due to the strong
overlap. But it was successfully applied on the paramagnetic spectra and those results were
considered below. This model remains consistent with a non-homogeneous local structure
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Figure 4. Mössbauer spectra at room temperature and the corresponding quadrupole splitting
distributions for as-milled Fe75Zr25, Fe70Zr30 and Fe65Zr35 samples.

and the existence of two different Fe local environments. Indeed, the different isomer shift
values that reflect the s density at Fe nuclei can be interpreted in terms of local free volume
of Fe environments whereas the quadrupolar splitting reflects the asymmetry of the structural
environments. The present results might be consistent with different local Fe environments
with different densities.

It is also important to emphasize that P(
) shows, as a special feature, a non-zero
contribution at zero 
 whatever the fitting model is. This distribution is rather unusual but has
been already reported in the case of ball milled FeZr alloys, without further discussion [15].
From the point of view of the local structure, Fe atoms having zero 
 have to be located in
an highly symmetrical site. As observed in figure 4, their proportion significantly differs from
zero, that remains difficult to understand in an amorphous state. This contribution could be
attributed to the occurrence of small crystalline iron clusters which remain after the milling
process.

The usual 
 distributions found in most amorphous solids are in good agreement with
those predicted by the random packing of hard spheres model, proposed by Czjzek et al [16]
and recently discussed in a review paper [17]. The 
 distributions are generally expressed as:

P(
) = (1/σn)
n−1 exp(−
2/2σ 2). (1)

Here n (generally comprised between 2 and 5) represents a parameter which gives the
dimensionally of the local probe unit or, to put it better, the kind of local anisotropy. A
random hard spheres model for a disordered solid has n = 5. Much lower values, like n = 2,
were found for amorphous FeF3, the structure of which can be described as a random packing
of octahedral units [18, 19]. In our case, the only possibility is to use a value intermediate
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Figure 5. Mössbauer spectra at 4.2 K and the corresponding hyperfine field distributions for
as-milled Fe75Zr25, Fe70Zr30 and Fe65Zr35 samples.

Table 2. Mössbauer parameters of the as-milled samples in the paramagnetic (room temperature)
and ordered (77 K) states. The isomer shift (IS) is taken with respect to an α-Fe calibration foil
measured at room temperature. All the values are given with a 1% error.

〈IS〉 (RT) 〈
〉 (RT) q = 〈IS〉 〈Bhf 〉
Sample (mm s−1) (mm s−1) 〈
2〉/〈
〉2 (77 K/4 K) (mm s−1) (77 K/4 K) (T)

Fe65Zr35 −0.16 0.40 1.41 −0.02/ − 0.01 10.8/12.9
Fe70Zr30 −0.13 0.39 1.39 0.00/0.01 13.2/15.1
Fe75Zr25 −0.12 0.43 1.42 −0.01/0.00 15.2/17.2

between 1 and 2, if the value of P(
 = 0) is to be accounted for. This is also indicated by the
values of the parameter q:

q = 〈
2〉/〈
〉2. (2)

The expected values of q increase from 1.1 , corresponding to n = 5, to 1.27 for n = 2,
as observed in numerous amorphous ferric fluorides. In our case q takes a value around 1.4
for all the samples (see table 2). This corresponds to n ≈ 1.37, and it is possible that, in
fact, there was a distribution of n values because there is very difficult to fit the actual P(
)

to any definite Czjzek distribution as given by (1). The simplest assumption, however, will
be a combination of two different sites with n = 1 and n = 2, that can be ascribed to low
coordination iron units.

As illustrated in figure 5, all samples are magnetically ordered at 4.2 K and the
corresponding Mössbauer spectra exhibit broadened and overlapped lines. They can be
fitted with a distribution of Bhf and, eventually, a sextet corresponding to some α-Fe not
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yet amorphized. A linear correlation between Bhf and IS has been included to account for
the asymmetry of the spectra [10]. The values of the correlation parameter are very similar
in all samples and remain positive, i.e. the isomer shift increases with the hyperfine field.
P(Bhf ) reveals a bimodal behaviour with different positions and intensities depending on
the composition and temperature, but very similar in any case (see figure 5). These P(Bhf )

distributions give insight into a two site Fe structure, as already suggested from the quadrupole
distributions. The low field values are ascribed to Zr-rich surroundings of Fe atoms whereas
the low isomer shift values can be attributed to significantly reduced local volume. Finally,
the average 〈Bhf 〉 at 4.2 K scale with the magnetic moment per Fe atom with a constant of
12.5 T µ−1

B , as has been found in a large variety of amorphous ferromagnetic materials [20].
In order to go farther in the description of the local structure of Fe, the evolution of the

Mössbauer spectra has been followed as a function of temperature. The results are shown in
figure 6 for Fe75Zr25. Similar results were found for other compositions.

The corresponding hyperfine field distributions P(Bhf ) were successfully fitted with two
Gaussian contributions, whatever the composition is. Only at low temperatures is there a low
field component outside the curves, and its contribution is less than 2% of the total. Such a
decomposition of P(Bhf ), after fitting of the spectra, is possible because all alloys exhibit very
similar IS values within the compositional range studied (see table 2). After the decomposition,
the description of the magnetic state of the sample is described in terms of the relative intensity
of both components, the position of the maximum (i.e. the average Bhf ) and the standard
deviation of each one.

These bimodal distributions of Bhf which have been previously observed in other systems
[21] as well as in Fe–Zr alloys prepared with other techniques [1, 4], have been interpreted as
resulting from magnetic clusters, either ferromagnetic or antiferromagnetic [1]. But they can
be interpreted also as arising from different Fe sites in an otherwise homogeneous alloy. In
any case the temperature evolution of the different contributions to P(Bhf ) can give a clue for
the interpretation of the underlaying structural components.

In figure 6(b) is evident the evolution of both Gaussian components with temperature. The
contribution of the low field one grows as the temperature increases, while the high field one
decreases. For T > TC (TC determined from magnetic measurements) a small contribution
of the high field Gaussian is still present and only disappears at about TC + 20 K. Above
this temperature hyperfine field distributions have no physical meaning because the system is
totally in the paramagnetic state, and P(
) should be used instead, but it allows us to fix a base
line for the Gaussian contributions and can be useful in the discussion. Figure 7(a) shows the
temperature evolution of the maxima of the two Gaussian components. It should be noticed
that the mean value of both contributions reaches a constant value at the same temperature,
which is, however, 20 K below the expected TC . The low field contribution which reaches
a value below 2 T, i.e. equivalent to a 
 value of 0.65 mm s−1, is assigned to Fe moments
which are still in the paramagnetic state. However the high field contribution which remains
at a rather high value of 7 T, is indicative of a ferromagnetic behaviour. Figure 7(b) shows the
variation with temperature of the contribution of each Gaussian component to the total area of
P(Bhf ). The decrease of the high field component is slow until 230 K, and then falls down
very quickly. At 230 K the high field contribution is still about 70% of the total, while the low
field contribution has reached the paramagnetic domain. Spectra obtained in the temperature
range 230–270 K were also fitted using a combination of a pure magnetic component (with
free parameters during the fitting procedure) and a pure paramagnetic doublet (as obtained in
the complete paramagnetic range). Such a procedure allows the paramagnetic fraction and its
temperature dependence to be estimated, both being in agreement with data resulting from the
previous model.
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Figure 6. (a) Mössbauer spectra at various temperatures below TC . (b) Corresponding hyperfine
field distributions (dots) and two Gaussian fit (continuous lines), as well as resultant curve fit for
as-milled Fe75Zr25. Similar behaviour was found for other compositions. As can be observed the
scales of the spectra are not the same and the resonant areas appear relative at each scale. This is
the reason for the apparent progressive decrease of the α-Fe component in the figure.

The temperature dependence of each Gaussian component is different, which suggests
the existence of (at least) two different iron phases instead of a single phase with two kinds
of Fe site. The existence of large inhomogeneities is not surprising in mechanically alloyed
materials, as the alloying process implies the interdiffusion of the components: one expects
that Fe diffusing into Zr can give rise to Zr-rich zones, while the opposite will occur when
Zr atoms diffuse into Fe crystals. A two phase description of these alloys can be done in
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terms of Fe-rich zones, with high TC and high Bhf , on one side, and Zr-rich zones, with low
TC and low Bhf , on the other side. These different behaviours have been already observed
in the as-quenched amorphous FeZr alloys [1, 2]. In those samples the different Gaussian
components have been explained by means of local spin density fluctuations attributed to the
existence of concentration fluctuations created during the sample preparation. Even thought
the final structure of both kind of sample (as milled and as quenched) is very similar (both
of them are amorphous with two different Fe regions), the preparation method appears to be
crucial [22] to explain the different magnetic responses. In addition, the coercive field values
of the as-milled samples are two orders of magnitude higher that those found in the literature
for as-quenched samples [23]. Consequently, the different interdiffusion of the components in
the milled samples is supported as an explanation for the different temperature evolutions of
the Gaussian components.

3.3. Annealing and relaxation of the amorphous structure

In order to check the above assumptions, the Fe75Zr25 amorphous sample was annealed below
the crystallization temperature (for 1 hour at 500 ◦C) under a controlled Ar atmosphere. As a
result of such annealing treatment, an increase in the Curie temperature of about 20 K and a
sharpening of the transition are clearly shown (figure 8). From the magnetic point of view, the
effect of the annealing originates both the increase and the homogenization of the magnetic
interactions.
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at 77 K. The increase of 〈Bhf 〉 is accompanied by a decrease of the low field contribution.

The increase of TC , in this composition range, corresponds to a decrease of interatomic
distances or to an increase of the Fe content: such a behaviour is opposite to that found in
alloys with more than 85 at.% Fe [24, 25] because at these percentages the samples present
Invar behaviour. The annealing treatment originates an increase from 1.3% to about 3% of
the amount of free α-Fe, as estimated by Mössbauer spectroscopy. Thus, the amorphous
component of the annealed sample presents a slight decrease of Fe content. This is confirmed
by the increase in the magnetization remaining above the Curie temperature of the amorphous
phase (see figure 8). Indeed, the increase of TC observed after the annealing is due to the
decrease of the interatomic process appearing as a consequence of the structural relaxation.
Another consequence of the thermal treatment is the narrowing of the M(T ) derivative curve
around the TC temperature of the sample. As has been commented above, the shape of the
derivative curves is intimately related to the homogeneity of the sample. In this sense, the
observed narrowing indicates that the annealed sample is more chemically and structurally
homogeneous that the as-milled precursor. The conclusion is that both the relaxation combined
with the homogenization of the structure are responsible for this increase of the magnetic
interactions.
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The same conclusion is confirmed by Mössbauer experiments, essentially in the magnetic
range. Figure 9 compares P(Bhf ) taken at 77 K before and after the annealing treatment. The
average hyperfine field is shifted to higher values and the low field contribution has decreased
with respect to the high field one. In terms of the two phase description, that implies a
redistribution of the Fe atoms into the Fe-poor and Fe-rich phases produced by further diffusion
between the phases, together with a relaxation of each phase, that originates an increase of its
magnetic moment, TC and Bhf .

4. Conclusions

High energy ball milling allows amorphous FeZr alloys with Fe content comprised within
the range 65–75 at.% to be successfully prepared. In addition to x-ray patterns which clearly
provide evidence for amorphous structure, the hyperfine structure of both quadrupolar and
magnetic Mössbauer spectra is consistent with the existence of two kinds of local environment.
Zr-rich environments of Fe with reduced local volume are attributed to the low field component
whereas the Fe-rich environments to the high field component.

The decomposition of hyperfine field distributions into two Gaussian components and
their behaviour against temperature suggest that the two local environments correspond to two
different Fe phases in the samples.
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