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Abstract. Magnetization measurements have been performed in the temperature range 5–300 K
on amorphous FexZr100−x (406 x 6 64) samples prepared by rf sputtering. The decrease of the
magnetization at low temperature and low applied field(µ0H < 5 mT) is interpreted as being
evidence for the existence of a low-temperature, complex magnetic state in this composition
range; a magnetic phase diagram is proposed.

1. Introduction

The magnetic properties of amorphous FexZr100−x alloys have now constituted a major part
of the research activity in the field of amorphous magnetism for more than a decade [1]. The
liquid-quench and vapour-deposition techniques are most generally used to produce Fe–Zr
amorphous alloys. A stable amorphous state exists for liquid-quench amorphous FexZr100−x
alloys only in two limited compositional ranges near the eutectic compositions 856 x 6 93
and 206 x 6 50 [2]. However, the rf [3] and DC [4, 5] sputtering techniques, due to much
higher quenching rates, are able to produce amorphous FexZr100−x alloys over a wider range
of composition (206 x 6 93).

These alloys exhibit drastically differing properties depending on their composition;
this ranges from superconducting behaviour [2] for Fe-dilute alloys (x 6 35) to Invar and
spin-glass characteristics [6–8] for Fe-rich samples (x 6 88). The magnetic moment per
Fe atom (µ) as well as the Curie temperature (TC) seem each to have a maximum for an
alloy with x = 80 [9], although other workers [3] suggest that this maximum may lie nearer
to x = 85. On increasing the Fe content above this concentration,µ andTC decrease up
to x = 94.5 [10]. Above this Fe concentration, a uniformly amorphous state has not been
obtained; it is thought that alloys in this region behave as an array of non-interacting Fe
clusters and hence no long-range magnetic order is established.

For Fe concentrations belowx = 80,TC andµ decrease, becoming equal to zero for an
alloy with a value ofx aroundx = 35 [3]. The magnetization atT = 0 K has been studied
numerically using itinerant magnetism theory [11] and the rigid-band model [12, 13]. In
the magnetic region, 356 x 6 94.5, there is still some controversy as to the description
of the ferromagnetic state to which the transition atTC leads [14]. In addition to the
transition atTC , the magnetic properties of these amorphous alloys within the Fe-rich and
the intermediate-concentration (356 x 6 45) ranges appear to be further complicated by the
possibility of a second, transverse spin-freezing transition at the temperatureTxy , belowTC .
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Evidence of this second magnetic transition can be found in Mössbauer data [9] as well as
thermo-magnetization measurements [5, 15], although these latter data do not indicate that
the transition is spontaneous in the sense associated with a genuine thermodynamic phase
transition, as the vector model predicts [16]. The exact determination of the temperature of
this second transition and its interpretation are still unclear.

Magnetization measurements have been reported on rf-sputtered FexZr100−x amorphous
samples [3, 17] within the intermediate-concentration range (356 x 6 85). These results
show a very large high-field susceptibility for all samples, and that the contributions to
the thermal demagnetization are determined only by spin-wave excitations and not by
fluctuation of the exchange integral, as in the Fe-rich region. Further work, in terms of
the magnetic state in this intermediate region, is still needed in order to provide a better
understanding of the magnetic behaviour of these amorphous alloys. Up to the present
time, systematic thermo-magnetization measurements, using a single production route, to
establish the magnetic phase diagram have not been undertaken. Such measurements form
part of this study.

Up to the present time, there have been various attempts to describe the low-temperature
magnetic structures that are able to account for the properties of melt-spun amorphous
alloys within the Fe-rich region [15]. Recent theoretical and experimental papers [18, 19]
on FexZr100−x amorphous alloys in the Fe-rich region suggest that only two models are
still to be considered. The basic physical idea underlining both models is that, due to
the fluctuation of the interatomic distance inherent in the amorphous structure, fluctuating
positive and negative exchange interactions occur between neighbouring Fe atoms. This
leads to a complex long-range-ordered magnetic state at low temperatures.

(a) The first model [15] describes the magnetic microstructure of melt-spun FexZr100−x
amorphous ribbons within the Fe-rich region as an array of small, single-domain, Fe-rich
clusters (treated as an assembly of Néel interacting fine particles) that form a granular
magnetic structure, which is not yet understood. This magnetic microstructure appears to
be unique to FexZr100−x amorphous alloys, and this cluster model has been supported by
interpretation of M̈ossbauer measurements [20], which show an increase of the linewidth
of the Mössbauer spectrum at around the temperature of the second transition,Txy . This
broadening is interpreted as evidence of cluster relaxation phenomena. This implies in turn
that the temperatureTxy can be regarded as a cluster blocking temperature, although this type
of granular magnetic structure cannot be described as a superparamagnet and so cannot be
explained by currently accepted theories. A superparamagnetic (Langevin behaviour of the
magnetization curves and coercivity disappearing above the blocking temperature) or cluster
behaviour with a real phase separation between clusters would [21] predict discontinuities
in the high-field susceptibility versus temperature plots in the vicinity of the blocking
temperature. In the experimental high-field susceptibility data reported in the literature
for these amorphous alloys, these discontinuities were not observed [15, 22, 23].

(b) In the second model [24], the increase of the linewidth in the Mössbauer spectrum
at aroundTxy is interpreted as an indication that this temperature can be considered as
a transverse spin-freezing temperature. This is proposed as the Mössbauer spectrum can
also be interpreted as indicating a non-collinear spin structure, consistent with the high-
field susceptibility of these amorphous alloys, which fail to saturate even in fields up to
20 T. This model suggests that the magnetic structure of melt-spun samples in the Fe-
rich region consists of a ferromagnetic structure in the temperature rangeTxy < T < TC ,
with evidence of transverse spin-freezing belowTxy , and hence an asperomagnetic structure
with a random anisotropic distribution of moment directions, and in this way a non-zero
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magnetization within a domain.

Sputtered samples can be produced by different treatments such as DC and rf sputtering
as well as co-sputtering. The magnetic properties of samples produced by each of these
sputtering methods should be analysed separately since the configuration of the magnetic
or structural inhomogeneities in each type of sample could produce different results and
add further controversy to this difficult research field. Mössbauer measurements [25, 26] on
sputtered amorphous FexZr100−x within the Fe-rich region and the intermediate-concentration
range also show an increase in the linewidth at aroundTxy , indicating that one of the above
two models should be applicable.

DC-sputtered FexZr100−x amorphous alloys within the composition region 556 x 6 88
have been considered [4, 5] as behaving as normal ferromagnets even at low temperatures,
although samples in this region show a much larger high-field susceptibility as compared
with a normal ferromagnet. On the other hand, the decrease of the AC susceptibility [4] and
magnetization [5] at low temperatures for the samples within the range 506 x 6 55 have
been interpreted as indicating a re-entrant behaviour (paramagnetic–ferromagnetic–spin-
glass transition) in a dilute-cluster spin-glass region, 506 x 6 55. A percolation limit is
suggested forx = 50, and the magnetic properties for samples within the composition range
356 x 6 50 have only been reported for melt-spun samples. The behaviour in this region is
that of a superparamagnet, since the magnetization curves for different temperatures appear
to approach very closely to the Langevin function, and the coercivity disappears aboveTxy .

This communication is the latest in a series of reports on the same FexZr100−x rf-
sputtered amorphous samples involving magnetic properties [17], anomalous Hall effect
measurements [27], electrical resistivity [28] and Mössbauer measurements [26]. Our aim
is to explore the variation of the magnetic structure with composition in a way which can
help to distinguish between the two proposed models, and allow a magnetic phase diagram
to be proposed.

2. Experimental details

Amorphous FexZr100−x thin films (866 x 6 40) were grown in Cracow. The samples were
deposited by rf sputtering onto water-cooled quartz and glass substrates. The experimental
details have been described elsewhere [17]. Films were produced from Fe–Zr composite
targets; the targets consisted of square Zr pieces, of approximate area 5 mm2, symmetrically
placed on an 80 mm diameter Fe disc. The thicknesses of the deposited films were typically
between 850 nm and 1100 nm as determined from step profiling. The composition of the
samples was measured by energy-dispersive x-ray fluorescence to an accuracy of about
1%. The compositional homogeneity was checked by Auger electron spectroscopy depth
profiling. The homogeneity of the amorphous state was checked by conversion-electron
Mössbauer spectroscopy [21] and x-ray diffraction.

Magnetic measurements were made in fields up to 5 T and at temperatures from 5
to 300 K using a Quantum Design MPMS SQUID magnetometer on samples with Fe
concentrations given byx = 40, 44, 52, 60, 64. Magnetic fields could be set to an accuracy
of ±10−6 T and temperatures to within±10−2 K. Two types of magnetic measurement
were made: (a) measurements of partial hysteresis loops in fields covering the range
−100 mT6 µ0H 6 5 T and over a wide range of temperatures, (b) zero-field-cooled/field-
cooled (ZFC/FC) measurements in applied fields within the range 1 mT6 µ0H 6 30 mT.
The temperature was stepped in 2 K or 5 K increments over the range where the
magnetization was rapidly varying. From the hysteresis loop measurements, we were
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Figure 1. Temperature dependences of the normalized magnetization of an amorphous Fe64Zr36

rf-sputtered thin film for applied fields of 1 mT, 2 mT, 5 mT, 10 mT and 30 mT. ZFC
measurements are represented by open symbols and FC ones by solid symbols.

able to determine coercivities and saturation moments. The Curie temperatures of the
samples investigated were estimated from the magnetization plots. In order to correct for
the diamagnetic contribution of the substrate, a sample was first measured as described
above and then the film was removed from the substrate by dissolving it in acid. The
remaining substrate was then re-measured using the same programme as previously used
for the whole sample.

3. Results

Figure 1 shows the ZFC/FC measurements of the magnetization of the sample Fe64Zr36

for different constant applied fields. When the applied field is small (µ0H 6 5 mT), the
heating curves (ZFC) and the cooling curves (FC) bifurcate at a value determined by the
field strength. For applied fields larger than 10 mT there is a considerable magnetization
induced and the splitting between the ZFC and the FC curves disappears. ZFC curves
obtained for low applied fields in this sample show a maximum at a temperature which we
describe asTxy in line with other workers. Below this maximum we choose to interpret the
magnetization decreases as being due to non-collinear spin arrangements. The irreversibility
in the low-field measurements, between the ZFC and the FC curves, appears for temperatures
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close to the Curie temperature.
The units of the magnetization have been chosen to be dimensionless to avoid error

associated with the determination of a precise value of the mass or the volume of the
samples. In any case, the point to be made is that experimental results show that the
ZFC curves of these amorphous alloys show a maximum, and in this way the scale of the
magnetization axis is irrelevant.

Figure 2 shows the magnetization behaviour for rf-sputtered FexZr100−x amorphous
alloys as a function of composition within the range 646 x 6 40 for a small constant
applied field of 1 mT. Within the range 646 x 6 44, all ZFC curves show a maximum.

It is not clear from the present experimental results whether or not the sample with
compositionx = 40 will show a maximum for temperatures below 5 K, although the values
of the spin-freezing temperature seem to decrease monotonically, suggesting thatTxy could
be about 5 K for this sample.

The Curie temperatures were estimated from the minima of the plots of dM/dT versus
T using the low-field ZFC data. Figure 3 gives a typical example for an alloy of the
composition withx = 52.

Table 1 shows the values of the Curie temperature extracted from the present data, the
spin-freezing temperatures (Txy), the magnetic moment at 5 K and the coercivity as measured
at 5 K. The exact determination of the spin-freezing temperature is still not clear because
of its field dependence, although the values in table 1 can be considered as reasonable data
due to the small variation ofTxy for low applied fields.

Table 1. A summary of the data determined.

Fe64Zr36 Fe60Zr40 Fe52Zr48 Fe44Zr56 Fe40Zr60

TC (K) 180± 2.5 140± 2.5 80± 2.5 25± 1.5 10± 2.5

Txy (K) 60± 2.5 40± 2.5 25± 2.5 10± 2.5
(µ0H = 1 mT)

Magnetic 0.97 0.82 0.63 0.28 0.14
moment (µB )
(T = 5 K)

µ0HC (mT) 0 0 3.5 14.2 3.6
(T = 5 K)

4. Discussion

The experimental results in figure 1 and the high-field susceptibility at low temperatures
reported previously [17] for the same sample indicate that the alloy Fe64Zr36 does not
exhibit ideal ferromagnetic behaviour at low temperatures. This thermo-magnetic history
could be caused by intrinsic coercive-field-type effects assuming a random-directional local
anisotropy field model [29], but Fe–Zr amorphous alloys do not have such a large anisotropy
field andTxy can be regarded as a spin-freezing temperature. Similar behaviour is observed
for samples with higher Zr concentrations, and the decrease in the magnetization for all
these samples below a certain temperatureTxy is clear, in figure 2, for a low applied field
(µ0H = 1 mT).
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Figure 2. ZFC (open circles)/FC (solid circles) behaviour, with a steady applied field of 1 mT,
of rf-sputtered FexZr100−x amorphous thin films with Fe concentrations given byx = 64, 60,
52, 44, 40. Solid lines are shown as a guide to the eye.

The values obtained for the Curie temperatures,TC , by the method employed in this
paper differ slightly from those determined earlier by anomalous Hall effect measurements
on the same samples [27], but agree with those obtained by Mössbauer measurements by
other workers [3]. This is entirely attributable to the different extrapolation methods used
in the determination of this critical temperature.

On the basis of the present results, we are able to propose a tentative magnetic phase
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Figure 3. The derivative of the normalized magnetization as a function of the temperature for
amorphous Fe52Zr48 rf-sputtered thin film.

diagram for rf-sputtered FexZr100−x amorphous alloys within the intermediate range. In
this diagram the temperatures of the spin-freezing transition,Txy , have been included.
A similar type of magnetic phase diagram has been reported for several other Fe-based
amorphous alloys such as Fe–Lu, Fe–Ce and Fe–Y [13]. The present diagram seems to
be consistent with that corresponding with the Fe-rich region of rf-sputtered FexZr100−x
amorphous alloys [3].

From the discussion in the introduction, the reduction in the magnetization belowTxy
can be considered as being due to either the appearance of an asperomagnetic behaviour
or to a cluster behaviour. The samples Fe64Zr36 and Fe60Zr40 show no coercivity over the
entire range of measurement temperatures, within the field resolution of the SQUID. Other
workers [4, 5] have found the same result on melt-spun and DC-sputtered samples, and
have interpreted this behaviour as ruling out the presence of clusters. If we accept this
interpretation, in these two samples the magnetic state belowTxy can best be described as
an asperomagnetic one. The coercivity disappears in the range 10< T < 15 K for the
samples Fe52Zr48 and Fe44Zr56. The temperatures at which the coercivity disappears are
below Txy for these compositions. The coercivity of the sample Fe40Zr60 disappears for
5< T < 10 K, and this temperature is aboveTxy .

The disappearance of coercivity could be interpreted as the appearance of a percolation
limit at x = 50 (as previously reported [5] for amorphous FexZr100−x DC-sputtered samples),
above which the behaviour would be that of a superparamagnet. However, the disappearance
of coercivity cannot be associated withTxy as these are different for all alloys studied.



1616 F J Castaño et al

Figure 4. A tentative magnetic phase diagram for rf-sputtered FexZr100−x amorphous thin films
within the range 646 x 6 40. Solid circles represent the values ofTC and solid triangles the
values of the transverse spin-freezing transitionTxy .

The monotonic decrease ofµ, TC andTxy with decreasing Fe concentration across the
whole composition range (646 x 6 40), for the results reported here, strongly implies that
structural changes do not occur throughout the whole temperature range belowTC . That
is, we do not see any evidence of cluster formation, or significant changes in short-range
order. Durand [30] has reviewed compositional data for a wide range of amorphous alloys,
and sees no discontinuities.

With all the above, we conclude that a transition to an asperomagnetic state is detected
below Txy for all of the samples investigated, and that the onset of coercivity comes from
another mechanism. The appearance of coercivity at lower Fe concentrations requires an
alternative explanation to that of clustering or superparamagnetism.

The decrease in Curie temperature may reflect a decrease in the exchange coupling;
the Fe–Fe distance is known to be distributed in amorphous alloys [30]. As exchange
weakens, the random local anisotropy may dominate more, and spins freeze out at higher
temperatures. Thus for the Fe-rich samples, exchange dominates the anisotropy over the
entire temperature range, whereas at lower Fe concentrations, significant spatial fluctuations
of the magnetization vector may appear at low temperatures. This can give rise to intrinsic
coercivity [31].

Non-collinear magnetic structures such as asperomagnetism, speromagnetism and
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sperimagnetism occur in amorphous alloys [32], but Fe–Zr amorphous alloys have been
regarded by some workers [6, 8, 19, 20] as possessing a spin structure that is unique
to these amorphous alloys. In this spin structure the ferromagnetic alignment is limited
to clusters of some nanometres in extent, although the experimental proof of a true
phase separation between these clusters is still lacking. Conversion-electron Mössbauer
spectroscopy measurements of amorphous FexZr100−x sputtered samples, showing changes
in the linear temperature dependence of the hyperfine field with and without applied field,
would be most informative. We have found no evidence for cluster formation in our
compositional dependence of the Curie temperature or moment, and a critical temperature
below which the thermo-magnetization behaviour implies an asperomagnetic spin structure.

5. Conclusions

Magnetic measurements have been performed on a series of rf-sputtered amorphous
FexZr100−x samples withx in the range 646 x 6 40. The appearance of an asperomagnetic
state is proposed for all of the samples investigated. This conclusion is supported on the
basis that there is no evidence of structural inhomogeneity in these alloys. The appearance
of coercivity in low-Fe-concentration alloys may be tentatively ascribed to a competition
between exchange and anisotropy on the local scale.
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