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ferromagnets. |. Experimental results
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Systematic room-temperature measurements of the aftereffect of the ac magnetic permeability
have been performed on a FegB,; 5 Si; sC; amorphous ribbon in order to get detailed
information about the nature of the atomic ordering processes responsible for the magnetic
relaxation. The magnetic aftereffect related to 180° domain-wall motion has been

measured by means of a specific technique allowing periodic domain-wall displacements to be
induced between two fixed, neighboring equilibrium positions by applying a square-wave

field of proper amplitude and frequency. In this way, the average direction of the
magnetization vector is cyclically modified in all points where the studied directional
ordering processes may occur. As a consequence, the kinetics of ordering is modified in a
characteristic way, giving rise to relevant variations in the intensity of the magnetic
aftereffect measured between fixed times (¢, =2 X 1073 s and L= 10~ ! s), and in the value
of the magnetic induction at the time #,. All measurements have been performed at

constant applied field. The degree of reliability of this experimental technique has been
analyzed in detail. The magnetic aftereffect, AB = B(t;) —B(t,), and the magnetic induction
B(¢,) have been measured as functions of the number of domain-wall cycles, and after
removing the square-wave field for a variable time t*. The results of many independent

measurements are reported and discussed.

I. INTRODUCTION

The reversible relaxation of the magnetic permeability
(magnetic aftereffect or disaccommodation) is a distinctive
feature of ferromagnetic metallic glasses. A number of pa-
pers dealing with this subject outline analogies and distinc-
tive features of this relaxation with respect to the similar
effect observed in some crystalline materials.'™> As is well
known, the aftereffect of the magnetic permeability origi-
nates from a progressive damping of domain-wall motion
after any domain-wall rearrangement. The damping term
derives from the reorientation of mobile atom pairs or,
more generally, groups of atoms, usually pictured as mag-
netic defects randomly distributed within the material and
interacting with the local magnetization direction within
each domain wall.

The nature of the coupling between magnetic defects
and magnetization has been investigated in various
works."** The microscopic ordering phenomena involved
in the magnetic aftereffect have been pictured as classical
two-level systems.” The peculiar kinetic aspects of this
relaxation® are generally explained by involving the exist-
ence (at any temperature 7) of a broad, continuous distri-
bution of time constants T for the directional ordering pro-
cesses, weighed by a suitable distribution function p(r).
Actually, the relaxation of the magnetic permeability in
amorphous ferromagnetic alloys exhibits a semilogarithmic
behavior over rather extended time intervals (up to three
orders of magnitude).® As a matter of fact, relaxation pro-
cesses characterized by a semilogarithmic kinetics are very
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common in amorphous systems, and have been extensively
studied.’

In the case of the magnetic aftereffect, it is possible to
deal with a kinetics substantially reversible at room tem-
perature, and covering a very wide time interval: from
about 10 *s to about 10 s after an impulsive domain-wall
rearrangement. These features are suitable for checking the
assumptions of the current models for the aftereffect, es-
sentially based on the assumption that the ordering pro-
cesses, characterized by a wide range of activation energies,
are independent.’® Such a point of view is rather common
to various approaches to relaxation effects in amorphous
metals.’

The occurrence of a magnetic relaxation indicates that
a directional ordering of magnetic defects is taking place
after a domain-wall rearrangement. As a consequence, af-
tereffect measurements give direct information on the or-
dering kinetics for a system of independent magnetic de-
fects, evolving towards an equilibrium state determined by
the direction assumed by the magnetization vector at a
given time. Such a process may be viewed as the evolution
of a thermodynamic system from an initial, off-equilibrium
situation towards equilibrium. At a given time (¢ =0), a
single external parameter (the local magnetization direc-
tion) is instantaneously varied, and the system starts re-
laxing towards the lowest free-energy state compatible with
the new value assumed by the external parameter. The
slow kinetics characterizing the diffusive ordering process
enables one to easily perturb the relaxation of the system of
magnetic defects towards the equilibrium state.
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The purpose of the present work is to perform a de-
tailed kinetic analysis of the magnetic permeability afteref-
fect in a typical Fe-based amorphous ferromagnetic alloy.
Part I contains the description of an experimental method,
allowing one to modify the conventional ordering process
by means of a controlled variation of the external param-
eter (the local magnetization direction), defining at every
time the equilibrium state of the system of ordering defects.
The specific experimental conditions required to perform
these kind of measurements are discussed in detail. Typical
results concerning cyclic perturbations of the ordering pro-
cess for defects are reported and analyzed.

In part I, the theoretical predictions of the conven-
tional model will be examined in detail, and shown to be
able to explain the essential characters of this kinetic aspect
of the magnetic aftereffect in amorphous systems.

Il. EXPERIMENT

Let us first outline the adopted experimental proce-
dure. A sample of amorphous ferromagnetic ribbon is kept
saturated for a time longer than the total duration of the
subsequent measurement (15 min in our case). The mag-
netization may be considered as essentially uniform in the
saturated material. This condition (saturated sample) will
be regarded as a reference state in all subsequent consid-
erations. After removal of the saturating field at =0, a
number of planar 180° domain walls nucleate in the amor-
phous material and are forced to oscillate around their
equilibrium positions by a high-frequency (v, =2X 10°
s 1) driving field H, of low amplitude (H, <1 A/m). The
oscillation amplitude is of the order of one quarter of the
domain-wall width, corresponding, as known, to the max-
imum value of the magnetic aftereffect.' Within any do-
main wall, the magnetization direction is changed from its
reference-state value at 1 = 0.

During the whole measurement, the samples were sub-
mitted to a strong tensile stress along the ribbon axis in
order to obtain a simple domain structure, composed of a
few domains of antiparallel magnetization. The actual
magnetic structure of the stressed samples was checked
through a conventional Kerr-effect apparatus.

The domain walls may be periodically removed from
their equilibrium positions for a given time and brought
back to the original position. As a result, the magnetization
alternately takes two directions, one of which is coincident
with the reference-state direction (see Fig. 1).

The domain walls are cyclically displaced at low fre-
quency (vp =1 s™!) between two fixed, contiguous posi-
tions {(a) and (b) in Fig. 1] by applying a suitable square-
wave field Q. The permanence time of each wall in either
position is 7, = 0.5 s. The experimental details of the re-
quired setup have been discussed in a previous paper.'® The
amplitude of the periodic domain-wall displacement, ob-
tained from direct measurements of B when the number of
moving walls is known, turned out to be of a few microme-
ters, i.e., much greater than the domain-wall thickness
(about 0.1 um for this material under stress). The mea-
surements have been performed on different as-cast strips
(length 10 cm, width 0.5 cm, thickness 50 um) of the
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FIG. 1. Schematic picture of a domain wall oscillating between two fixed
positions (a) and (b) in a ferromagnetic amorphous sample; 6 is the
generic angle between the magnetization and the ribbon axis. #, = 0.5 s is
the half-period of the square-wave field. The direction of M in the plane
x = ¢, corresponding to the center of the wall displaced in position (a),
is sketched for both wall positions.

amorphous alloy FegB;55i;5 C, (saturation magneto-
striction A, = 35.6 X 10~° at room temperature).

Subsequent decays of the magnetic induction B have
been measured as functions of the number of domain-wall
cycles of the type (a)-(b)-(a) after removal of the satu-
rating field. The detecting setup was triggered in order to
record only the decays corresponding to domain-wall os-
cillations around one equilibrium position, say, position
(a), irrespectively of the number of performed cycles. A
schematic picture of the observed decays is shown in Fig.
2. Note that only the decays corresponding to an even
number (2N) of square-wave field half-periods (full lines
in Fig. 2) are actually recorded. The magnetic relaxation
was followed between the fixed times 7, = 2% 107 * s and
t, =0.1 s, starting from every domain-wall displacement
from position (b) to position (a). The driving-field ampli-
tude, H,, was kept fixed to the value corresponding to the
maximum of the AB-vs-H, curve, where AB = B(t,)
— B(1,).!

In order to obtain coherent results, all domain walls in

P
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FIG. 2. Schematic picture of the square-wave cycles (above) and of the
related set of measured decays (below, full lines). The decays correspond-
ing to the permanence of the walls in position (b) are also shown (dashed
lines).
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FIG. 3. Normalized magnetic relaxation, AB,y/AB,, as a function of the
number of half-periods of the square-wave field, 2N, for different values of
the square-wave field amplitude Q.

the sample must be really cycling between two fixed posi-
tions. If the positions (a)-(b) of the walls would be con-
tinuously changing with 2%, each subsequent decay of B
would be identical to the first one, since each time the walls
would experience the same viscosity field, unaffected by
any previously occurring diffusion process. This condition
defines a lower and an upper limit of the range of suitable
values for the intensity of the square-wave field.

Square-wave fields smaller than the lower limit are not
sufficient to overcome the binding energy of the walls to
their local pinning centers, while fields sensibly greater
than coercivity give rise not only to domain-wall displace-
ments with random character, but also to dissipative effects
related to the presence of a significant eddy-current field,"!
superimposed to the conventional diffusive-type
aftereffect.!?

By considering a set of measurements of the magnetic
relaxation AB,y = B,x(t,) —B,p(t,) as functions of both
the number 2N of square-wave field half-periods and of its
intensity @, it may be concluded that the condition of a
regular, periodical motion of domain walls is verified over
a sufficiently wide range of Q values.

The value of AB,y/AB; in the absence of the square-
wave field (Q—0) is reported in Fig. 3(a) as a function of
2N. The intensity of the decay is observed to rapidly vanish
with increasing 2V, because each wall never leaves position
(a), in spite of the presence of H, On the contrary, for
Q> 12 A/m [Figs. 3(e) and 3(f)], the dependence of AB
on 2N becomes less definite. This result may be interpreted
in terms of partially stochastic domain-wall cycling: in
fact, when the domain walls are displaced at random by the
square-wave field (e.g., a;,—b;—a;—b,—--—a,—b,—),
the measured relaxation of the magnetic permeability is
substantially independent of 2V, since any decay is in prac-
tice the first one for any new position a;.

It is then possible to conclude that the most convenient
range of Q values to deal with is between about 1.2 and 10
A/m. There, every domain wall may be realistically as-
sumed to perform periodic displacements between the
same positions, (a) and (b), during the whole measure-
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FIG. 4. Time behavior of the magnetic induction, B(t), measured in the
interval 210~ * s <1< 10" s for various values of 2.

ment. The present measurements were therefore performed
at an intermediate square-wave field value, @ =4 A/m.

Finally, it should be remarked that this type of mea-
surement exhibits an intrinsic stochastic character, owing
to the lack of control on domain-wall nucleation at : = 0.
As a matter of fact, the average mobility and number of
domain walls may differ after each saturation, giving rise to
an unavoidable scattering of the experimental data, which
may be accounted for only by performing a statistical anal-
ysis of the results.

1ll. RESULTS

The magnetic relaxation was measured, respectively, at
the times t =07, 5, 10, 25, 60, 120, and 300 s, after nu-
cleation of new domain walls, i.e., after 2§ = 0, 10, 20, 50,
120, 240, and 600 reversible domain-wall displacements
between the contiguous positions (a) and (b). A set of
selected decays of the magnetic induction, detected accord-
ing to the procedure outlined in the previous section, is
shown in Fig. 4. B was monitored continuously between
t;=2%10"%s and t,=10""! 5. The data in the interval
t;<t<t;=2x10"% s were often affected by spurious dis-
turbances and were consequently not analyzed, although
they are shown in Fig. 4.

The same curves are reported in Fig. 5 as functions of
the logarithm of time in the interval 1073 s<t<107" s.
Such a logarithmic plot clearly shows that no relevant
changes in the shape of the relaxation curves may be ob-
served. Only the intensity of the magnetic relaxation ap-
pears to be significantly reduced with increasing 2¥. Note
that the values of B,y(¢,) and B,,(¢,) steadily decrease as
a function of 2V. Such a result may be easily understood by
taking into account that the domain walls are actually cy-
cling between the same positions, where the viscous Summp-
ing is progressively increasing with 2N, as schematically
shown in Fig. 2. If instead the walls were cycling between
continuously changing positions, all the measured curves
should be identical to the first one. Note finally that the B
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FIG. 5. Same curves as in Fig. 3, plotted vs the logarithm of time in the
interval - 3<logr< —1.

values of the curves reported in Figs. 4 and 5 are affected
by a relevant air flux contribution.

The kinetics of this relaxation may be studied by sim-
ply measuring the difference AB,y = Byn(t;) —Byr(1y) as
a function of the number of domain-wall cycles. AB,y is
observed to rapidly decrease after the first run (2N =0),
reaching a quasi-saturation value for times longer than
about 120 s [see Fig. 6(a)]. On the other hand, the mag-
netic induction measured at the time ¢, is also observed to
be rapidly reduced with increasing the number of domain-
wall cycles [see Fig. 7(a)]. In fact, these aftereffect mea-
surements are performed at a fixed value of ths high-
frequency driving field H, The growing hindrance to
domain-wall motic:, pictured in terms of a “viscosity
field,”!? reduces progressively the oscillation amplitude of
domain walls (proporiional to the magnetic induction B).
The values of AB,y and B,x(t,) reported in Figs. 6 and 7
were properly corres for the air flux.

A complementary mecasurement was performed in or-
der to check the reversibility of the directional ordering

8By [ e ] _ . B
ag™sn :
|
3 ' %
t
f (% §
2 C% I?
1 ¢ 5
|
|
QL. 1 Lo J‘ 1 1
0 200 400 0 100 200 300

2N 1%y

FIG. 6. Average values and standard deviations of the quantity
AB,y = [B(1)) — B(r,)] as functions of 2V (a) and of the waiting time *
(b).
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FIG. 7. Same as in Fig. 5 for the magnetic induction at 7, = 10~ ! s.

process. The walls were left in position (b) for a given time
t*, after a fixed number of (a)-(b)-(a) cycles (2N = 600),
by interrupting the square-wave field. The B signal was
then measured with the walls again in position (a), after
the time #,,, = 2(N + 1)£;, + ¢* since the beginning of the
measurement. The average values of ABgqy, and Bgg(7,) are
shown in Figs. 6(b) and 7(b) as functions of t*(¢* = 3, 10,
30, 60, 120, and 300 s, respectively).

It should be explicitly noted that the data obtained
from repeated measurements under the same conditions
appear to be quite scattered, owing to the mentioned sto-
chastic character of domain-wall nucleation. As a conse-
quence, only average values of the measured quantities will
be considered in the following. The set of results reported
in Figs. 6 and 7 was obtained from three different samples
cut from the same amorphous ribbon in order to ensure a
satisfactory degree of reliability to our measurements.

IV. CONCLUDING REMARKS

The present results indicate that the decay of the mag-
netic induction B at constant magnetic field between fixed
times, AB,y = B,y(t) — B,5(?,), may be of the same order
of magnitude as B,y (#,) [or Byy(t,)], quite independently
of the value of the parameter 2. This is a distinctive
feature of magnetostrictive metallic glasses, contrasting
with the behavior observed in crystalline alloys, where usu-
ally AB«B(t,). As a matter of fact, the amplitude of the
total relaxation of By, ABy = By(0) — By( w0 ), is larger than
By( ), as it can be deduced from a measurement of the
whole By(¢) curve for FegB; 585 sC,, performed between
10~* and 6% 10° s, as reported elsewhere.® The extrapo-
lated values of By(0) and By(w) turn out to be
By(0) = 1.59107* T, By(0) =2.44%x107° T for the
considered samples. The ratio ABY'/By( ) is as large as
5.5 in this case.
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In the presence of such an intense relaxation effect, the
kinetics of the progressive ordering of magnetic defects
cannot be related in a simple way to the time behavior of
By(t), as shown elsewhere.'* Information about the order-
ing process may however be obtained from a single mea-
surement of By(z) by means of an ad-hoc treatment of the
experimental data.'*

It may also be concluded that the main effect of
domain-wall cycling consists of a reduction in the slope of
the B,y(f) curve between #; and ¢, without a relevant
change in its shape. The reduction rate steadily decreases
with increasing 2/N. A similar trend is also observed for the
magnetic induction measured at a given time, B,y(?,).

The typical behavior of both B,x(t,) and B,y(1,) will
be compared in part II with the predictions of a model,
where the ordering magnetic defects are treated as nonin-
teracting. It will be shown that such a model is in satisfac-
tory agreement with our results.

4723 J. Appl. Phys., Vol. 68, No. 9, 1 November 1990

'P. Allia and F. Vinai, Phys. Rev. B 26, 6141 (1982).

2p. Allia and F. Vinai, Phys. Rev. B 33, 422 (1986).

3H. Kronmiiller, Philos. Mag. B 48, 127 (1983).

*H. Kronmiiller, N. Moser, and F. Rettenmeier, IEEE Trans. Magn. 20,
1388 (1984).

SH. Kronmiiller and N. Moser, in Amorphous Metallic Alloys, edited by
F. E. Luborsky (Butterworths, London, 1983), p. 341.

SP. Allia, C. Beatrice, and F. Vinai, Philos. Mag. B 67, 727 (1990).

"A. L. Greer, J. Non-Cryst. Solids 61-62, 737 (1984).

8p. Allia, P. Mazzetti, G. P. Soardo, and F. Vinai, J. Magn. Magn.
Mater. 15-18, 1361 (1980).

M. R. J. Gibbs, J. E. Evetts, and J. A. Leake, J. Mater. Sci. 18, 278
(1983).

0P, Allia, C. Beatrice, P. Mazzetti, and F. Vinai, J. App!l. Phys. 63, 829
(1988).

1P, Allia, C. Beatrice, P. Mazzetti, and F. Vinai, J. Appl. Phys. 64, 4103
(1988).

12P. Allia, C. Beatrice, and F. Vinai, Mater. Sci. Eng. 99, 27 (1988).

L. Néel, J. Phys. Rad. 15, 225 (1954).

14P. Allia, J. Magn, Magn. Mater. 82, 77 (1989).

Allia, Beatrice, and Vinai 4723



