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Abstract. Melt-spun amorphous alloys of Fe91Zr9, Fe91Zr7B2, Fe90Zr7B3 and Fe88Zr8B4 have been char-
acterized by AC susceptibility at frequencies between 30 Hz and 10 KHz. The measurements reflect the
existence of reentrant spin glass transitions below 40 K for all cases. The transition shift per frequency
decade is large compared to the observed in conventional spin-glass alloys. The shift value increases with
the boron content and becomes closer to values in fine-particle systems. We find that the relaxation in
Fe91Zr9 follows a critical slowing down at the reentrant transition, with exponents zν = 7.2 and β = 0.7.
The non-linear susceptibility displays a peak at the transition in this alloy, but wider than in canonical
spin glasses. A Vogel-Fulcher (VF) activation process can explain the frequency variation in all the Fe-Zr-B
alloys. The reduction of the ideal glass temperature in the VF approach, found in the higher Boron con-
tent alloys, is an indication of a superparamagnetic-like behavior. The behavior shown by these alloys is
intermediate between a collective freezing and superparamagnetic-like relaxation. We propose that this is
arising due to a heterogeneous spin structure. The inclusion of a reduced amount of B, affects the magnetic
spin structure.

PACS. 75.50.Lk Spin glasses and other random magnets – 75.50.Kj Amorphous and quasicrystalline
magnetic materials – 75.40.Gb Dynamic properties (dynamic susceptibility, spin waves, spin diffusion,
dynamic scaling, etc.)

1 Introduction

Reentrant spin glass (RSG) alloys are characterized by
magnetic relaxation and irreversibility phenomena, when
entering into the low temperature spin-glass state from a
ferromagnetic arrangement. Such a spin-glass state (clus-
ter glass) is usually visualized as a number of magnetic
clusters randomly disposed in a metallic matrix, in which
long-range RKKY interactions are present [1,2]. This sit-
uation is similar to that of canonical spin-glasses (SG), in
which randomly isolated individual magnetic moments are
dispersed in the matrix. The term cluster is thus described
as an ensemble of limited number magnetic moments, cou-
pled together by a ferromagnetic interaction. The critical
slowing down observed close to the reentrant tempera-
ture (TRSG), presents a difficult quantitative evaluation in
RSG alloys in comparison to canonical spin-glasses, as it
is affected by the behavior of ensembles of atoms, which
may vary in size and, hence experimental results are rel-
atively ill-defined. Progress is currently achieved by com-
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bining results gathered in amorphous and crystalline sys-
tems (more or less magnetically concentrated) [3]. Very
recently, with the discovery of Giant magnetoresistance
(GMR) in fine-particle nanometric systems of granular
metals and the need of their detailed magnetic character-
ization, a complementary field to study the irreversibility
phenomena is steadily growing. In these latter systems,
magnetic particles of a few nanometers in size are present
in a metallic matrix, with a non-magnetic behavior. De-
pending on the temperature, anisotropy and characteris-
tic measuring time, they may experience the blocking or
unblocking of the particle net moment, giving rise to sim-
ilar macroscopic features to RSG systems in experimen-
tal techniques such as dc-magnetization (MDC) and AC-
susceptibility (χAC) [4]. This is at present an attractive
debate as, in essence, these fine particle alloys are interact-
ing grain ensembles, involving not tenths but thousands of
atoms per nanometric grain [5,6]. By contrast, ideal (non-
interacting) superparamagnetic systems are also consti-
tuted by single domain particles, but oscillating long-range
RKKY interactions are absent.

Among the RSG compounds, Fe-rich Fe-Zr amorphous
alloys constitute one of the first and paradigmatic systems
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since the early 80s [7]. In a relatively narrow compositional
range, with a high concentration of the magnetic atom
(Fe content > 80% at), SG, RSG and simple ferromagnets
are found. These Fe-Zr amorphous alloys display striking
magnetic behaviors including, the reduction of magnetic
moment with increasing Fe-concentration, large high- field
susceptibility at low temperatures, double-peaked hyper-
fine distributions derived from Mössbauer spectroscopy,
high temperature resistivity minima, or exceptional mag-
netovolume effects and strong dependence of Curie tem-
perature on mechanical stress, among others. These have
given rise to a steady flow of studies [8–23], using different
techniques for their structural and magnetic characteriza-
tion. The basic fascination of this system (and similar Fe
alloys with late transition metal elements, such as binary
Fe-Y [24], Fe-Sc [25], Fe-Hf [26], or ternary alloys [27–30])
stems from the competition between magnetic interactions
in metallic systems of high Fe-concentration (close to the
Fe-percolation limit). In general terms, the FexZr100−x

(88 ≤ x ≤ 93) amorphous alloys are known to be weak
ferromagnets [10]. As commented above, the inclusion of
small quantities of B-atoms in (to form the Fe-Zr-B al-
loys) or minute quantities of Fe-bcc nanograins do not
alter enormously the reentrant behavior.

On the other hand, small additions of B-atoms during
the synthesis process of the amorphous alloys and further
appropriate thermal treatments result in nanocrystalline
Fe-Zr-B (Cu) materials, which have gathered enormous
attention for potential applications due to their extremely
high susceptibility and low coercivity response [31–34].
The nanocrystalline state consists of bcc-Fe nanocrystals
(∼=10 nm) embedded in an amorphous matrix impover-
ished in Fe respect to the initial amorphous material. The
interplay among the interaction of nanocrystalline grain
through the exchange coupling, the grain boundaries and
the remaining amorphous matrix is the basis of the re-
markable decrease of coercivity. Changes in the magnetic
behavior can be explained by structural (size of crystals
and volume fraction) and magnetic (anisotropy and ex-
change correlation) parameters, and are described in ref-
erences [31–34]. Recent studies of Fe-Zr-Cu-B alloys in the
early stages of nanocrystallization, where a small fraction
of bcc-Fe-nanocrystals is present, have shown the exis-
tence of magnetic relaxation phenomena at T < 50 K [35].
It is then plausible to anticipate that both structural
arrangements, amorphous [36] and slightly nanocrystal-
lized [35], should be related if the magnetic behavior ap-
pears to be so close.

Up to now different models have been proposed in or-
der to explain such a complex magnetic behavior in Fe-Zr
alloys. Some of them deal with a freezing of transverse
moment components (for T < TRSG) [18] caused by the
existence of randomly distributed antiferromagnetic in-
teractions between Fe-atoms. Alternatively, other models
claim for the existence of spin clusters or inhomogeneities
with either regions of Fe-rich areas in low-spin state com-
pared to the matrix (being the Fe-atoms in this latter
in a high-spin state) [13,37] or local density variations in
a chemically homogeneous environment [11]. Both view-

points put forward the presence of indefinite regions of du-
bious size limits, where spin frustration is found, and con-
sequently spin glass freezing transitions might be detected.
Additionally, superparamagnetic effects have already been
described for nanocrystalline materials of Fe-bcc grains,
when the amorphous matrix is no longer magnetic (i.e. at
T > Tc) and the relaxation of the magnetic moments in
the grains is controlled by their size and anisotropy [38].

The different aspects exposed above and recently re-
ported [34–36] findings in the Fe-Zr-B system strongly
support the need of further effort, which is presented here.
Through an adequate selection of four Fe-Zr-B amorphous
alloys, the compositional crossover region between SG and
RSG behaviors (between Fe93Zr7 and Fe91Zr9, see Ref. [8])
can be studied. This permits to explore what manifesta-
tions are characteristic of the magnetic relaxation of these
magnetically concentrated alloys.

Since the very beginning and due to its sensitivity to
detect and follow in detail dynamical magnetic processes,
AC Susceptibility (ACS) has been employed to define the
magnetic phase transitions in similar alloys [12,15,22,39].
To accomplish the above mentioned task, we have under-
taken a systematic ACS study, which also fills in a gap of
relatively uncommon analyses dealing with the frequency
dependent reentrant systems.

2 Experimental

Ribbons of Fe91Zr9 (Fe91) and Fe91Zr7B2 (B2) Fe90Zr7B3

(B3) and Fe88Zr8B4 (B4) were melt-spun in Ar-
atmosphere after preparing the master alloy in an arc-
furnace. Typical ribbon cross section is 1.5 mm wide and
0.02 mm thick. X-ray diffraction showed no crystallinity
in either ribbon faces. Annealed samples of some compo-
sitions have also been prepared in order to compare to the
as-quenched alloys. The time and temperature (1 hour,
400 K) of the annealing is well below the onset of the
crystallization process (around 600 K). AC susceptibility
(χAC) was measured at several frequencies between liq-
uid helium temperature and 310 K at a steady rate of
0.1 K/min, allowing the instantaneous recording of the in-
phase (χ′) and 90o-quadrature (χ′′) components. A high
number of frequencies between ν = 0.03 and 10 Khz was
employed. For some particular cases susceptibility curves
at h = 0.1 Oe field were additionally recorded. The di-
rection of the oscillating h field was longitudinal to the
sample plane (pieces of ribbon stacked together) to mini-
mize the effect of demagnetizing fields and eddy currents.
Non-linear coefficients of the AC susceptibility were si-
multaneously obtained by measuring the harmonics of the
induced secondary signal with a usual lock-in detection.

3 Analysis of the AC susceptibility

3.1 General behavior of the AC susceptibility

In this section a common methodology in the analysis
of reentrant systems is followed [2]. Firstly, the results
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are evaluated showing the reentrant behavior and defin-
ing the compositional tendencies of susceptibility, Curie
and reentrant temperatures. On a second step, the reen-
trant transition is studied in detail and the distribution
of relaxation times is estimated through an expression re-
lated to the Cole-Cole framework. Finally, the evaluation
of the kinetics of the transition is studied in terms of the
current theories.

Figure 1 shows the thermal variation of ACS suscep-
tibility at 10 KHz of all the alloys. The real component
of susceptibility (χ′) grows rapidly with increasing tem-
perature, showing a visible knee, marked as TRSG. Then
it stabilizes, in a characteristic demagnetization-limited
ferromagnetic behavior, and afterwards falls down at the
Curie temperature, well above 150 K. The curves are
similar to the low-field DC magnetization (MDC) mea-
surements in similar alloys [36]. The magnitude of χ′ in-
creases with the increasing boron content. Alternatively,
the out-of-phase component (χ′′), approximately 10% of
the in-phase component, shows firstly, a low temperature
peak below 30 K. Then there is a signal more or less flat
and finally, a marked decrease of signal when approach-
ing Tc. The two magnetic transitions corresponding to the
ferromagnetic-spin glass (reentrant transition, TRSG) and
the ferromagnetic-paramagnetic transition (Tc) reported
in Fe-Zr (Fe-rich) [8] and in Fe-Zr-B alloys [36,40,41] are
clearly defined in our ACS results. This state is clearly
affected by the magnitude of the coercive field of each
sample and then could change as a function of the driving
field.

In Figure 2, a comparison between the curves obtained
at 1 Oe and 0.1 Oe driving h fields is shown for Fe91.
Similar values of susceptibility are observed for both os-
cillatory fields, being the shape relatively similar between
the two. For Fe91, where the weaker susceptibility values
are found, the h = 1 Oe, is not large enough to fully mag-
netize the ribbons and this is reflected from a relatively
flat signal in χ′′. For B3 and B4, with larger susceptibility
and Tc values, that oscillating field is sufficient to drive
the sample closer to saturation, masking the response at
TRSG and Tc. As it has been pointed out recently for Fe-
Ni-P-B-Al reentrant amorphous alloys [42], the control of
the magnitude of the driving field h should be taken into
account to obtain a good definition of the transition. In
our case, the geometry enhances the definition of the χ′′
peaks, and the variation of the low-temperature relaxation
peak position with h is small. For the low field h = 0.1 Oe
data the signal in the transitions (especially the TRSG) is
somewhat better resolved. However, given the higher sig-
nal to noise ratio in the susceptibility of the 1 Oe curves,
we prefer to use the data for this latter excitation field
throughout this work.

The temperatures of transitions are close in an-
nealed and as-quenched samples. Results are presented in
Figure 3, as an example for B2. This is especially evident
(see Fig. 3) in the low-temperature magnetic transition
(extremely sensitive to any change). Similar observations
related to annealing effects had been already observed for
pure Fe-Zr alloys [21]. This is a crucial finding meaning
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Fig. 1. ACS (h = 1 Oe) plot showing in phase (χ′) and out of
phase (χ′′) components for a single frequency ν = 10 KHz
of all the alloys (Fe91 = Fe91Zr9, B2 = Fe91Zr7B2, B3 =
Fe90Zr7B3, B4 = Fe88Zr8B4) in as-quenched state. The sus-
ceptibility increases when the B-content is increased as found
in reference [36] from MDC magnetization. Arrows mark Tc and
TRSG of the four alloys according to the susceptibility deriva-
tive (dχ′/dT ) and the maximum in χ′′(T ), respectively. Note
the increase of Tc and the tendency to decrease of TRSG with
increasing B content. Data points have been skipped for clarity.
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that the experimental features are intrinsic to the sam-
ples and not an artefact due to the fabrication process, as
quenched internal stress or compositional inhomogeneities
produced by the rapid cooling. Due to the selected anneal-
ing temperature (much lower than the crystallization one),
the structural rearrangements are restricted to the elim-
ination of the excess free volume and homogenization of
the amorphous phase. These do not modify significantly
the reentrant transition temperature, being a clear sign of
the intrinsic magnetic disorder in the spin structure of the
alloys.

The Curie temperatures are evaluated as the inflec-
tion point of the χ′ curve in the high temperature region
(T > 150 K). As expected, Curie temperatures are fre-
quency independent (within the error limits) in the stud-
ied range. Our results calculated from the minimum in the
real susceptibility derivative (dχ′/dT ) (see Fig. 4 in which
only B3 is shown) are in Table 1. These temperatures are
close to values obtained from MDC [36,43].

A complementary path is to employ the Kouvel-Fisher
(KF) analytical method [44], which provides a numeri-

Table 1. Tc (Der): Values of the Curie temperature Tc (in
Kelvin) from the derivative of susceptibility. Tc (KF): Tc (in
Kelvin), and γ, critical exponent, derived from the Kouvel-
Fischer (KF) analysis in the |T − Tc|/Tc ≤ 0.15 region. TRSG:
reentrant temperatures taken from χ′′ at ωτ = 1 at 1 KHz.

Alloy Tc (Der) Tc (KF) γ TRSG

Fe91Zr9 (Fe91) 211(1) 206(6) 1.02(4) 28.4(1)

Fe91Zr7B2 (B2) 223(1) 210(4) 1.09(2) 24.0(1)

Fe90Zr7B3 (B3) 248(1) 244(1) 1.64(4) 10.3(1)

Fe88Zr8B4 (B4) 279(1) 14.2(1)
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Fig. 4. Thermal variation of the derivative of χ′, yielding a
value of Tc = 248 K, and Y , as defined in equation (1) from the
Kouvel-Fischer analysis, for B3 at h = 1 Oe and ν = 1 KHz.
The straight line is a fit to obtain the values of the critical ex-
ponent γ = 1.64 (inverse slope of Y (T )) and Tc(KF) = 244 K,
from the temperature intercept.

cal value of γ (critical exponent of the susceptibility in a
ferromagnetic-paramagnetic transition). In the KF analy-
sis, the zero field susceptibility (χ0) behaves, close to Tc

as:

Y (T ) =
[
d ln(1/χ0)

dT

]−1

=
T

γ
− Tc

γ
· (1)

A plot of Y (T ), shown in Figure 4 for B3 as an example,
gives values for γ and Tc from the slope and intercept,
respectively. Note that Tc in B4 (279 K, see Tab. 1) is
very close to the experimental upper temperature limit
and the obtained values are not reliable. The values have
been inserted in Table 1. The extrapolation to obtain Tc

from equation (1) can be disturbed by the demagnetizing
factor (N) of the samples, that imposes a limiting value
of χ ≈ 1/N at the transition. This can explain the dif-
ference with the values of Tc obtained from the dχ′/dT .
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increasing frequency. Only 10% of data points is shown for each
frequency.

Nevertheless Tc values obtained by both methods show a
similar trend.

The drastic increase of Tc and the magnitude of sus-
ceptibility with boron content reflect a large enhancement
of their ferromagnetic character; band structure modifica-
tions have been invoked to explain such features [36]. Our
estimated γ-coefficients show values similar to the calcu-
lated in 3d-Heisenberg ferromagnets (γ = 1.4) [45], for the
most FM sample, B3, and is not far to amorphous Fe90Zr10
(γ = 1.35). By contrast, Fe91 and B2 show γ-values simi-
lar to crystalline RSG Fe54Ni26Cr20 (γ = 0.92) [46], lower
than reported in other studies [47], as a result of their
especially weak ferromagnetic character.

3.2 Relaxation at the reentrant transition: distribution
of relaxation times

The ACS measurements obtained at the reentrant tran-
sition, are able to determine more precisely the nature
and kinetics of the effect. In Figure 5, enlarged plots are
shown for Fe91 and B2 in the same temperature range.
The observed frequency shift of the maxima of χ′′ is a
clear sign of the existence of relaxation phenomena in the
reentrant transition of the compounds, as already reported
for Fe90Zr10 [22]. The shift can also be calculated from the
inflection point of the real component χ′ turning out that
both observations give the same results.

The relaxation of magnetic moments usually follows a
distribution of times g[ln(τ)] which can be quantitatively

Fig. 6. Fittings of χ(ω = 2π ν) according to Eq (2) for the
Fe91 and B4 alloys at different temperatures around the freez-
ing transition. The ∆ = 0.8 (see Eq. (3)) is also found in ran-
dom anisotropy amorphous alloys with spin inhomogeneity in
the magnetic arrangement.

obtained by using an expression based on the well-known
phenomenological Cole-Cole model in the analysis of ACS
curves [2]. In particular, the corresponding g[ln(τ)] is [48]:

g {ln(τc)} =
1
2π

sin(∆π)
cosh

[
(1 −∆) ln(τ/τc)

]− cos(∆π)
· (2)

This quasi-Gaussian distribution of times is defined by the
width represented by ∆(0 ≤ ∆ ≤ 1) and is centered at
lnτc. The expression (2) can be used to obtain a variation
for χ′′(ν) according to:

χ′′(ω) = A




cos
(

∆π

2

)

[
cosh

(
(1 −∆) ln(ωτc)

)]
+ sin

(
∆π

2

)


(3)

in which ω = 2πν is the angular frequency and A is a
pre-factor related to the susceptibility. It is possible to fit
the ACS curves using such a distribution, as it is shown
for Fe91 and B4 in Figure 6. Large values of ∆(≈ 0.8)
are signs of a broad distribution in both cases and the
use a complete Cole-Cole analysis should be avoided [2].
This is not surprising in these reentrant alloys considering
the high inhomogeneity in their spin arrangement, already
pointed out throughout the introduction. In this way, it
is more convincing to analyze our data assuming that the
transition is well defined by the maximum in χ′′(ν), in
which we take ωτ = 1. The TRSG values, dependent on
the frequency, are shown at 1 KHz in Table 1 for all the



8 The European Physical Journal B

alloys. There is a tendency to decrease with increasing
B-content.

An extremely interesting parameter is the ob-
served relative TRSG shift (δT ), evaluated as: δT =
∆TRSG/

(
TRSG∆ log(ω)

)
. This value is 0.066(3) for Fe91,

0.095(6) for B2, 0.121(5) for B3 and 0.14(1) for B4. Nor-
mally, paradigmatic metallic systems with a spin glass
transition (AuMn, AgMn, AuFe) present much lower val-
ues between 0.004-0.002 [2]. The TRSG shift values for Fe-
Zr-B alloys increase with the addition of Boron, becoming
closer to values of superparamagnetic (fine particle) com-
pounds, theoretically around δT = 0.1 [4]). This finding
is a clear indication of the different relaxation process be-
tween our alloys and the canonical spin glasses. The lowest
shift is observed in Fe91Zr9. We will present in the follow-
ing an analysis to ascertain the nature of its relaxation
mechanism.

3.3 Reentrant transition in amorphous Fe91Zr9:
critical slowing down

The SG alloys should display a conventional critical (dy-
namic) slowing down behavior. In this approach, the crit-
ical behavior is expected at a characteristic temperature
in which the transition relaxation diverges. The relaxation
time for the decay of the fluctuations τ is related to the
spin correlation length ξ according to τ ∝ ξz . The expres-
sion for τ is given by [2].

τ = τ0

(
T

T0
− 1

)−zν

(4)

in which T0 is the transition temperature, τ0 is the relax-
ation time of the individual moments and zν is a criti-
cal exponent. The analysis gives a best combination for
zν = 7.2, T0 = 20.5 and τ0 = 10−8 s and the result
is depicted in the inset of Figure 7. The zν value is in-
side a general behavior reviewed by Souletie and Tholence
(5 < zν < 11) [49], usually labeled as “fragile regime”.
Some authors consider that the variations in these values
might reflect an absence of a true critical exponent [50].
In comparison to more recent data, the critical expo-
nent zν is similar to Fe80Mn10Zr10 (zν = 6.5) [39], and
Fe90Zr10 (zν = 8) [22]. This value is also in agreement
with values other RSG alloys such as amorphous Fe-Ni-
P-B-Al (zν = 7.9) [42] close to nanocrystalline Fe-Nb-B
(zν = 6.9) [51] and slightly lower than 5d-crystalline alloys
such as U(Pd. Pt, Au)Si3 [52] zν ≈ 10. Overall, these val-
ues agree with the zν = 7.9 obtained through calculations
by Ogielski [53] in a 3d Ising simulation, in contrast to the
expected value zν ≈ 2 in conventional phase transitions.
Additionally, it is also expected [54] that in a transition
to a spin-glass state, a dynamic scaling for the χ′′ should
also be found. Taking ε = (T − T0)/T0:

χ′′(ν, T ) = εβF (νε−zν). (5)

Figure 7 shows the results the power-law scaling of χ′′,
using β = 0.70(5). The result shows a reasonable scal-
ing, with the curves collapsing on a universal curve. The
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Fig. 7. Critical slowing down analysis of χ′′(ω,T ) data at
T > TRSG (see Eqs. (4, 5)) of the Fe91Zr9 alloy. The com-
plex susceptibility at different frequencies collapse on a mas-
ter curve with β = 0.7. Inset: Analysis of the shift of the of
χ′′(ω,T ) maxima in the same framework. The straight line
corresponds to the best fitting. The zν = 7.2 exponent is in
excellent agreement with other RSG-amorphous alloys.

β value is close to the exponent (β = 0.5) obtained
through Monte Carlo simulations [2].

Another experimental confirmation of the nature of
this transition is given by the behavior of the non-linear
susceptibility. The non-linear response of the magnetiza-
tion M is described as a series of terms containing field
powers, in an expansion:

M = M0 + χ1h + χ2h
2 + χ3h

3 + · · · (6)

where M0 is the spontaneous magnetization, h the oscil-
lating field h = h0 sinωt, and χ1 the linear and χ2, χ3 · · ·
the non-linear susceptibilities. The non-linear susceptibil-
ity can be obtained from MDC measurements with dif-
ferent applied fields but more directly from the harmon-
ics in the ACS. For this latter technique, very recently
Bhargava et al. [55] have given a detailed description of
the equations involved.

In a ferromagnet, it is expected that all susceptibility
terms contribute to the magnetization, and the appear-
ance of a peak at the Curie point. For true spin glasses (ab-
sence of spontaneous magnetization), it is expected that
only odd-power terms should appear to obey the inversion
symmetry respect to the field [56]. Regarding the freezing
transition, it has also been shown that the third harmonic
corresponding to χ3 (cubic susceptibility) should diverge(
∂3χ3/∂h3 →∞)

at the freezing transition. In summary,
if a spin glass transition is present, a featureless signal
should appear in χ′

2 and a peak should be clear in χ′
3.

This is precisely what is observed in Figure 8 confirming
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Fig. 8. Thermal variation of the non-linear susceptibility of
the Fe91Zr9 alloy around the reentrant transition. A maximum
in the third harmonic χ′

3 is clearly observed at the spin-glass
transition. A sharp divergence is only expected in the case of
freezing of individual spins. The divergence is not visible in the
second χ′

2 harmonic.

the existence of a spin-glass transition in the Fe91Zr9 al-
loy. The χ′

3 peak is narrow in canonical spin-glasses [57],
but as an effect of the existence of spin-clusters in the
alloys, the observed peak presents a FWHM ≈ 10 K
and a relative breadth σREL = FWHM/Tmax ≈ 0.3,
if a Gaussian shape is assumed. Non-linear susceptibil-
ity studies in freezing transitions are still scarce but a
rough estimation can be presented taking data of amor-
phous SG Fe93Zr7 [15] σREL ≈ 0.1, whereas crystalline
Fe57Ni23Cr20 [46] and Ce(Fe0.96Al0.04)2 [58], with a sim-
ilar RSG behavior to Fe91Zr9 (according to the ACS
shape), both give σREL ≈ 0.2. This can just be indica-
tive estimation but it is clear that, as a comparison, for
an archetypal canonical spin glass of Au96Fe4, reported
by Bitoh et al. [59], we have evaluated σREL ≈ 0.05, much
lower than the values estimated above.

3.4 Analysis of the relaxation in the Fe-Zr-B alloys:
activated dynamics

If a critical analysis is performed on these alloys, the fits
give unrealistic values (for example, zν = 3.2 in B4),
impossible to justify under a true spin-glass transition
scheme. To discuss about the nature of the transition in
amorphous Fe-Zr-B, it is necessary to use another ap-
proach. Especially B3 and B4 require another class of anal-
ysis of dynamic behavior. This can be the Vogel-Fulcher
(VF) law for the relaxation process. This expression, of
phenomenological nature, is common when analyzing dy-
namic effects in glassy or disordered systems. In particu-
lar, its validity has been reported in magnetic relaxations
not only in RSG systems, but also in interacting nanopar-
ticle GMR systems such as granular Co-Cu ribbons [60],
Fe-Cu-Ag powders [6], among others have reported its va-
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Fig. 9. Variation of TRSG in a Vogel-Fulcher law dependence
for the Fe-Zr-B alloys. Note the shift in the abscissa values due
to different values of τ0. Straight lines mark the fitting (see
parameters in the text). The quality of fit is best for the B4
alloy (R > 0.99).

lidity. The VF for the relaxation time is:

τ = τ0 exp
(

Ea

kB(T − T∗)

)
(7)

where, τ0 is the attempt relaxation time, Ea, an activation
energy, and T∗ is called the “ideal glass” temperature [2].
If T∗ = 0, this expression becomes the Arrhenius law,
typical in non-interacting systems, as ideal superparam-
agnets. The VF analysis (see Fig. 9) provides a method to
compare all the alloys in a single framework, yet purely
phenomenological. The results for B2, B3 and B4 alloys
present the following parameters: Ea/kB = 89± 2 K and
T∗ = 14.7 ± 0.2 K (τ0 ≈ 10−8 s), Ea/kB = 170 ± 6 K,
T∗ = 1.3±0.3 K (τ0 ≈ 10−12 s), and Ea/kB = 26.5±0.7 K,
T+ = 9.6±0.1 K (τ0 ≈ 5×10−7 s), respectively. The com-
positional tendency of Ea and T∗, a decrease with increas-
ing B-content, is closely related to the increasing weakness
of the spin glass state, approaching the behavior of non-
interacting systems. Moreover the quality of the fit tends
to increase with the boron-content, and it is remarkable
in B4. This alloy shows, consequently, a behavior totally
different to critical slowing down.

4 Discussion

The intermediate character observed in the Fe-Zr-B tran-
sition, different to the critical dynamics found in Fe91Zr9,
should be linked to a particular spatial spin arrange-
ment. If we rewrite the alloys in approximate composi-
tions (Fe93Zr7)98B2 (B2), B3 as (Fe93Zr7)97B3, and B4
(Fe92Zr8)96B4, it is clear that these melt-spun alloys be-
long to a compositional region where the Fe/Fe+Zr ratio
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Fig. 10. Top: Magnetic phase diagram of the high-
concentration Fe-Zr-B alloys as a function of the absolute
atomic Fe-content: Tc are marked by (•) and freezing tem-
peratures as (�). The value of the Fe93Zr7 (N) is taken from
reference [15]. Below: Variation of the freezing temperatures
(•) as a function of the Fe/Fe+Zr ratio. Lines are only guides
for the eyes.

is between the SG (Fe93Zr7) and RSG (Fe91Zr9) [8] (see
Fig. 10). This figure helps to understand the reverse posi-
tion of B3 and B4 respect to the T ∗ evolution in the VF
analysis. On the other hand, B2 only shows a slight de-
viation towards the activated dynamics. In addition, the
magnetic phase diagram (Fig. 10, top) resembles those of
well-established reentrant amorphous alloys [8,25,30,61].

The spin-glass transitions are found in whenever the
following conditions are fulfilled: i) competing magnetic
interactions, and ii) site or bond disorder. In the case of
Fe- Zr-B (Fe-rich) amorphous alloys the conditions to pro-
duce a reentrant behavior should be similar to those to the
well known pure Fe-Zr (Fe-rich) alloys. As pointed out in
the introduction, Fe-Zr alloy is believed to have an in-
homogeneous spin structure, whose microscopic nature is
still a question of controversy. The key issue is to define mi-
croscopically what the length scale of those spin inhomo-
geneities is. This controversy is parallel to the discussion
found in recent reports dealing with crystalline materials
such as Sm2Fe17 [62], FeCr2S4 [63] or Rare Earth-Al2 [64].
The experimental features in the ACS are similar to the
ones presented above and explained by variations in the
anisotropy and domain structure. However the very low
anisotropy and the amorphous arrangement in the alloys
analyzed here suggests other microscopic explanation. In

this sense, some authors have put forward a model in
which short-ranged antiferromagnetic interactions (con-
tacts) are scattered throughout the amorphous ferromag-
netic spin environment [18]. With this, competing inter-
actions and site disorder conditions are both fulfilled and
many experimental features and, especially, the variation
of moment with Fe-concentration are well described. Oth-
ers [11,13,65] invoke the existence of ferromagnetic spin
clusters in a matrix.

For both points of view, it is still difficult to ascer-
tain the experimental length scale of the spin inhomo-
geneities (either the antiferromagnetic contacts or clus-
ters) even if direct powerful microscopic techniques are
employed. In this sense, SANS under magnetic field of
Fe91Zr9 (RSG) shows slight humps in the signal associ-
ated to spin inhomogeneities, but surface contributions
from the flat ribbon surface might be present masking
the results [19]. Very recently, muon spin relaxation has
been successfully performed in Fe92Zr8 (SG) alloys show-
ing the transverse freezing [23], but it is impossible to
define the medium-ranged (at a mesoscopic scale) spin
correlation lengths. Neutron (polarized and unpolarized)
diffraction has also recently been reported in Fe92Zr8
and Fe90Zr10 (RSG) [66] and combined neutron and X-
ray diffraction in Fe91Zr9 [67]. This latter reference also
presents Reverse Monte Carlo modeling (RMC) to fit both
types of spectra. The simulations (≈5000 atoms) carried
out in a 4 nm box show that the inclusion of antiferromag-
netic couplings between some of the Fe-atoms improves
the fitting to the neutron magnetic and structural struc-
ture factor S(Q). However, it is not so clear the absence
of nanometric size clusters as the length scale is limited
precisely by the wide-angle diffraction data used in these
simulations.

In the present case, the addition of boron in the Fe-Zr
alloys produces the modification in the structure by the
inclusion of B atoms itself. Additionally the amorphous
alloys can be compared to the nanocrystalline alloys cre-
ated from them. The B atoms tend to situate between the
metallic ones thus increasing the ferromagnetic coupling.
This is clearly reflected in a increase of the Curie temper-
ature and the general enhancement of the FM character
of the alloys.

At a local scale, B atoms also favor the appear-
ance of clusters, which behave isolated from each other,
if they are separated by distances larger than the ex-
change correlation length of the ferromagnetic matrix.
The number of Boron atoms being very small, these
cluster are consequently separated, as an average, long
distances, and the magnetic relaxation is slower (i.e.:
more superparamagnetic-like). This inhomogeneous ar-
rangement is intrinsic and thermally stable, as deduced
from the annealing results. In this sense, very recently,
structural nanometer-scale defects have been character-
ized by transmission electron microscopy in bulk amor-
phous alloys [68].

On the other hand, there exist similarities in
FeZrB(Cu) and FeNbCuSiB nanocrystalline alloys re-
spect to the amorphous alloys analyzed here. In the
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nanocrystalline alloys, nanometric crystallites are formed
in a predominant amorphous matrix, giving rise to mag-
netic relaxation of the DC magnetization in ZFC-FC
sequences [35]. These phenomena have been recently
interpreted using simple structural models [35,69,70],
involving the nanometric grains, partially coupled by the
exchange interaction: Depending on the structural config-
urations, drastic variations in the coercive field are found.
In the amorphous case presented here, the clusters are
not so well-defined in size as is the nanocrystalline case
giving rise to the observed magnetic relaxation behav-
ior. Recently, Fe-oxides in insulating matrix [71] and Fe-
C ferrofluids [72,73], with increasing interactions between
particles, have been studied comprehensively showing pre-
cisely the opposite approach to that described here. The
analysis of AC susceptibility in fine particle systems evi-
dences that, for some concentrations, strong interparticle
interactions are present. These latter give rise to a spin
glass-like dynamics.

5 Conclusions

The AC-susceptibility measurements carried out in melt-
spun amorphous alloys of Fe91Zr9 and Fe-Zr-B, precursors
of soft nanocrystalline alloys, have revealed the existence
of magnetic reentrant transitions at low temperatures, de-
creasing in temperature as the B content was raised. The
parameters characterizing the transition in the Fe91Zr9
are similar to those reported in other reentrant systems,
showing critical dynamics and a clear peak in the non-
linear susceptibility. The peak width is sufficient large to
confirm a cluster spin glass behavior, in a concentrated
magnetic alloy.

The dynamics of the relaxation in the B-containing
alloys is slower than conventional spin-glasses (especially
in B3 and B4 alloys), resembling that of interacting su-
perparamagnets, as deduced from the high TRSG shift
values and the absence of critical dynamics. These ob-
servations are also similar to other large anisotropy crys-
talline compounds, in which the role of pinning centres
is discussed [62–64]. Here, in these low anisotropy amor-
phous alloys, there exists an inhomogeneous spin arrange-
ment affecting the domain structure. Such a disordered
arrangement at the nanoscopic scale is enhanced by the
addition of B atoms in the Fe-Zr amorphous matrix, mod-
ifying the anisotropy at a local level. The intermediate
character of these Fe-Zr-B alloys can be linked to a se-
ries of recent studies in a wide variety magnetic systems
[5,6,30,51,65,69,74,75]. In these, the crossover between
non-interacting superparamagnetism and strong interpar-
ticle interactions and, between spin-glass and reentrant
behavior is undefined and object of extensive research
effort.
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Rodŕıguez Fernández, S.F.J. Cox, Phys. Rev. B 64, 104433
(2001)

7. T. Kaneyoshi, Introduction to amorphous magnets (World
Sci., Singapore, 1992)

8. D.H. Ryan, J.M.D. Coey, E. Batalla, Z. Altounian, J.O.
Ström-Olsen, Phys. Rev. B 35, 8630 (1987)

9. Y. Obi, L.C. Wang, R. Motsay, D.G. Onn, M. Nose, J.
Appl. Phys. 53, 2304 (1982)

10. S.N. Kaul, Phys. Rev. B 27, 6923 (1983)
11. S.N. Kaul, J. Phys.: Condens. Matter 3, 4027 (1991)
12. H. Ma, H.P. Kunkel, G. Williams, J. Phys.: Condens.

Matter 3, 5563 (1991)
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