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In this paper magnetic relaxation processes in iron based amorphous alloys are examined in order to determine
thermal/time instability of magnetic properties at room temperature. It was shown that the reversible component
of magnetic relaxation in Fe74Cu;CrsSiizBg alloy can be well described by the coupling model usable for diffusion
in strongly correlated systems. The proposed approach allows monitoring initial stages of structural relaxation.
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1. Introduction

It is well known that iron-based amorphous alloys ob-
tained by melt spinning technique belong to a modern
family of very soft magnetic materials. Low field mag-
netic permeability of these materials can be of the or-
der of 10* and coercivity below 1 A/m [1-5]. Such a
softening is due to formation of a non-equilibrium amor-
phous phase free of magnetic anisotropy. The most im-
portant disadvantage of amorphous alloys are the tem-
perature and/or time instabilities of macroscopic proper-
ties observed even at room temperatures. Indeed, due to
fast cooling from liquid phase amorphous material is not
in thermodynamic equilibrium and in general tends to
equilibrium via two processes — structural relaxation
and crystallization [1-5]. The structural relaxation is
mainly caused by diffusion of free volume frozen into ma-
terial during fabrication. In order to describe such dif-
fusion the concept of the Kronmiiller pairs defined in [6]
(see Fig. 4 in [6]) is usually used in literature. In the
vicinity of free volume a group of atoms form more or less
stable configuration and at given temperature one atom
can change its position to a neighboring one via a corre-
lated transition through a free volume. These transitions
being the source of the structural relaxation cause a lo-
cal change of material density, internal stresses, magnetic
coupling, etc., and in consequence lead to some changes
of macroscopic material properties like magnetic perme-
ability. It is generally accepted that the structural relax-
ation consists of two components — reversible one and
irreversible one. Both of these components can be sup-
pressed by applying annealing at elevated temperatures.
Thus, application of any amorphous alloys requires a de-
tailed examination of the thermal/time instabilities and
their influence on the operational parameters. The goal
of the present paper is to study magnetic relaxation for
iron based amorphous alloy Fe;4Cu;Cr3Si;3sBg and test
the applicability of the coupling model suitable for diffu-
sion in correlated systems.
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2. Theoretical background

In strongly correlated systems one can define the
so-called anomalous diffusion exponent d according to
the relation [7]:

d
(V@?) xt, (1)
where x and t denotes diffusion path and time, respec-

tively. The case d = 2 corresponds to a random walk for
which we have [7, §]:

<xTz>ocDo<W (2)

where D is the diffusion coefficient and W is the tran-
sition rate of the diffusing object from one stable posi-
tion to the neighboring one. It is worth mentioning that
Eq. (2) can be used as a definition of D valid for any sys-
tem. According to Egs. (1) and (2) in correlated system
the transition rate is time dependent, i.e., [8-11]:

t —n
W oo tld= or W = W, (t> , (3)
c
where Wy is unaffected transition rate, t¢ is the scaling
time and the exponent n = 1 — 2/d is called the cou-
pling parameter. Let us notice that n varies between 0
(for d = 2 (random walk)) and 1 (for d — oo (totally
correlated system)).

Kinetic equations describing a variation of n, popula-
tion of diffusing objects in p positions disturbed by ap-
plication of a weak external field (4 — v transitions)
in the frame of two-level model are

dn

Tt# = Wypny =Wy uny, (4)
and can be solved assuming that n, + n, = ng (ng is
the number of diffusing objects) and W, , = W, , =

—n
Wo (ti) with the initial condition that at time ¢ = 0

the population is equally distributed between sites, i.e.,
n, = n, = ng/2. The corresponding solutions can be
written in the form

1-n
n#:%f%ﬂh exp ( (i) > (5a)
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and

1-n
nuz?—k?ﬁhexp(—(f_) >, (5b)

where 8 = 1/kgT (kg is the Boltzmann constant, T is
the temperature) and h is the difference in activation en-
thalpies of sites p and v caused by the perturbation field.
The relaxation time 7 is given by

- <(12W:) tC”> o (6)

Taking into account the above, one can write the formula
describing magnetic relaxation in strongly correlated sys-
tems, i.e. the reluctivity r(¢) takes the form [12-15]:

r () =70+ Io (1 - exp (=(t/)' ") ), (7)
where 19 is r(0) and Ic is the relaxation intensity.
Let us notice that for n = 0 (uncorrelated system)
the transition rate is time independent W = Wy, the re-
laxation time 7 = 1/2Wj and r(t) simplifies to the well-
known Debye relaxation.

Based on the presented formalism for magnetic re-

laxation in amorphous alloys we propose the following
formula [12-15]:

r(t)=ro+ Ic [1 — exp (—(t/Tc)lfn)]

1 [1 —exp (=t/77)], (8)
where the first component describes the reversible com-
ponent observed just after demagnetization (coupling
model with the intensity /- and the relaxation time 7¢)
and the second component describes the irreversible
(long-time) component (the Debye relaxation with the in-
tensity I; and the relaxation time 77).

3. Experimental

Experiments were carried out for Fe;yCu;Cr3SiizBg
amorphous melt spun ribbons with thickness and width
of about 20 um and 5 um, respectively. In order to
study the structural relaxation in the context of free vol-
ume diffusion samples in the as-quenched state were an-
nealed at temperatures ranging from 300 K to 650 K for
one hour. Such annealing slightly changes the amorphous
microstructure and, what follows, changes the degree of
the advancement of structural relaxation. Measurements
of magnetic reluctivity at low field (0.1 A/m) versus time
at room temperature were carried out for samples af-
ter demagnetization by applying precision RLC meter—
Agilent E4980A. Special attention was paid to stabilize
the temperature of measurements 300 K.

4. Results and discussion

Figure 1 shows three curves of magnetic reluctivity vs.
time measured after demagnetization for samples pre-
liminary annealed at temperatures 323, 423, and 473 K.
One can see that the reluctivity varies with time reach-
ing at least a partial saturation over 80 ks (22 h).

1.15

Fe;,Cu,Cr;Si 3By

0.95% + 323K o 423K + 473K
0 20 40 60 80
time [ks]
Fig. 1. Family of reluctivity vs. time curves measured

at room temperature for samples of Fer4Cu;CrsSiisBg
amorphous melt spun ribbons after demagnetization.
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time [ks]
Fig. 2. Reluctivity vs.  time r(t) determined for

Fe74Cui1CrsSiisBg amorphous melt spun ribbons after
demagnetization, preliminary annealed at 423 K for 1 h
and theoretical curve calculated by applying Eq. (8).

The measured curves were numerically analyzed with
the assumption that r(¢) is described by Eq. (8). In
the analysis the standard fitting procedure was used
and free parameters to be fitted are the following: r(0),
I (intensity of the coupling process), 7¢ (relaxation time
of the coupling process), n (coupling parameter describ-
ing a correlation degree), I7 (intensity of the long-time
irreversible process described by the Debye relaxation),
and 77 (relaxation time of the Debye relaxation). An ex-
ample of the obtained fit goodness is presented in Fig. 2,
where the curve r(t) measured for sample preliminary
annealed at 423 K for 1 h and the theoretical curve cal-
culated by applying Eq. (8) are shown. Similar results
have been obtained for the other measured curves.
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Fig. 3. Parameter rq (see Eq. (8)) plotted vs. anneal-

ing temperature Ty,

1.5+ r1.5
Fe;4Cu,Cr;Si;;Bq

1.0 1 1.0
<
o <
: o Coupling model e
L o Irreversible component f_

0.5+ 0.5

0.0 T T T T T T T T 0.0

300 350 400 450 500 550 600 650
TIK]
Fig. 4. Intensity of the coupling model (reversible

component) and intensity of the irreversible compo-
nent of magnetic relaxation plotted vs. annealing
temperature Ty,.

The results of numerical analysis are presented in
Figs. 3-6, where the parameters of Eq. (8), i.e., ro, inten-
sities I and I, relaxation times 7¢ and 77, and the cou-
pling parameter n, are plotted vs. annealing temperature
T,. First of all we have to notice that the initial reluctiv-
ity 7o decreases with increasing 7T, which corresponds to
an increase of initial magnetic permeability. This effect is
known in literature and can be assigned to redistribution
of free volume and related to this a decrease of inter-
nal stresses [1-6]. The data presented in Fig. 4 shows
that both intensities of relaxation components decreases
with increasing annealing temperature which obviously
means that the applied preliminary annealing makes the
examined material more stable. Let us notice that an
additional increase of the preliminary annealing temper-
ature is not an option because it may cause formation of
a nanocrystalline phase. Figure 5 shows the relaxation

times for both processes plotted vs. T,. It is evident that
To strongly decreases with increasing T, which confirms
that due to preliminary annealing the reversible compo-
nent of magnetic relaxation disappears. The relaxation
time of the irreversible component is about three orders
of magnitude longer and according to Fig. 5 does not de-
pend on T,. This means that this component at short
times (let say up to 10 ks) does not play any significant
role and at long times (over 40 ks) can be approximated
by a straight line [15].

Figure 6 shows the coupling parameter n plotted
vs. T,. The observed decrease of n from 0.7 for the
as-quenched state to about 0.5 for the sample annealed
at 650 K/h indicates that the amorphous structure
due to free volume diffusion (leading to their redistribu-
tion) releases internal stresses and causes an increase of
magnetic coupling. The latter is confirmed by a decrease

35 22
Fe;,Cu,Cr;Si 3B,
3.04 °
-2.1
. ® T >
_ 2.5 ° =
) e
= o .0
o
¥ 2.0
-1.9
1.5+
1.0 T T T T T T T T 1.8
300 350 400 450 500 550 600 650
T.[K]
Fig. 5. Relaxation time of the coupling model (re-

versible component) and relaxation time of the irre-
versible component of magnetic relaxation plotted vs.
annealing temperature Ty.

0.72 1
Fe;,Cu,Cr;Si 3B,
0.68
< 0.64
0.60
0.56
300 350 400 450 500 550 600 650
T,IK]
Fig. 6. Coupling parameter n plotted vs. annealing

temperature T,.
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of magnetic reluctivity (or an increase of magnetic per-
meability) shown in Fig. 3. Such a behavior is known
as formation of the so-called relaxed amorphous phase
(step by step) [1-5]. It has to be stressed that the
measurements of magnetic relaxation and the presented
numerical analysis allows monitoring the first stages
of structural relaxation and what follows is the long-
term stability of macroscopic properties of iron base
amorphous alloys.

5. Conclusions

The main conclusions of the present paper can be
summarized as follows: (i) reversible component of
magnetic relaxation in iron based amorphous alloys
(e.g. Fer4Cu;CrsSijsBg) can be well described by the
coupling model which allows monitoring initial stages
of structural relaxation, (ii) relaxation time of the ir-
reversible component of magnetic relaxation is at least
three orders of magnitude longer than the relaxation time
of the reversible component which means that for long
times this component can be approximated by a straight
line, (iii) the observed disappearance of thermal/time in-
stabilities of magnetic properties caused by the prelimi-
nary annealing is quantitatively documented in Figs. 3-6.
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