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Abstract

We propose a set of stochastic equations to describe domain wall (DW) dynamics in a random pinning field. The pinning
field is characterized by two correlation lengths, controlling its stationarity and the reversible permeability. Computer
simulations of the hysteresis loop shapes are investigated as a function of the ratio of the correlation lengths.
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The Barkhausen effect (BE) is considered one of the
basic fingerprints of the magnetization process. In previous
works, the physical interpretation of the BE was investi-
gated using a theory successfully applied to the description
of various experimental data, such as power spectra, prob-
ability distribution of DW velocity [1], scaling and fractal
properties of Barkhausen jumps [2], and the dependence of
the coercivity on the demagnetizing field [3]. In this paper,
we apply the same approach to the description of hystere-
sis loops. Our model is similar to that proposed by Néel
[4], but it has a richer mathematical structure.

The dynamics of magnetization is described in terms of
a single degree of freedom, @, evolving under the action
of external field H,(z). ¢ is the magnetic flux through a
given cross section, S, of the slab- shaped magnetic speci-
men. The equation for the ¢ dynamics [1] is:

ocGO=H,~ &/Sp—H,, (1)

where o is the electrical conductivity, G = 0.1356, and &
is the magnetic flux rate of change. ®/Su represents the
magnetostatic field, under the assumption of constant per-
meability w. H, is the pinning field experienced by the
DW, arising from the structural disorder, and from the
interactions with other DWs. It is assumed to be a random
function of &. In the simplest case, H(P)=W(P),
where W is the Wiener—-Lévy process. This description
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proved to be useful in the study of the Barkhausen effect
[1,2]. Yet, when applied to the interpretation of hysteresis
loop shapes, the assumption H (@) = W(®) has two quite
undesirable properties: (i) H, 1s non-stationary; and (ii) H,
is non-differentiable at any pomt These drawbacks can be
eliminated by introducing two correlation lengths, say &,
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Fig. 1. Permeability data for 8 =2, o = 0.01 (M) and « = 0.0001

- (v) fitted by Eq. (5); hysteresis loss W/ k% for the same

parameters fitted by straight lines %bhm at low fields; the hyper-
bolic law 1/h,, for @ — 0 is also shown.
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Fig. 2. Permeability data for 8 =0.1, a =1 fitted by Eq. (5);
hysteresis loss W /h2 for the same parameters fitted by the
straight line $bh,, at low fields,

and ¢, =afé, (@<1), such that H, is stationary for
AP> £, and a well defined permeability exists for AP
< £, With the introduction of &,, it is convenient to
express the variance of the Wiener-Lévy process as
Udw Y =(2 A%/ €,)dD, where Ay measures the scale of
the pinning field variations. This leads to a set of equations
(in dimensionless form):

B = hy(u) = Bx = hy(w), @)
dhp

H=S—hp, (3)
ds s 1 dw

—_—t =t —_—, 4)
dx o «adx

where (ldw|*) =2dx, h,=H,/Ay, hy=H, /Ay, w=
W/Ay and u=t/7, with 1=0GSu, x= /¢, and
v=dx/du. B is defined as B=¢&,/(AySw). Finally,
s =Sy &,/Ay, where Sy controls the H, slope for AP <
& le Ax<a.

As a first step, we faced the problem by numerically
simulating the behavior of the system. Three different
cases, A, B and C, defined in terms of the parameters
(@, B) were studied: case A (1,0.1); case B (1072,2); and
case C (107%,2). Figs. 1 and 2 show the h,, dependence of
the permeability x,,/h,, (x, is the loop peak displace-
ment) and of the loop area W (represented as W/hZ%). At
‘high fields, the permeability always tends to the constant
value 1/, as expected from Eq. (2), which, on average,
just reduces to h, — Bx=0. At field amplitudes #, <
1/, the behavior is in agreement with the Rayleigh law

x./hy=a+Dbhy,. The simplest way to describe both
regimes is:

bhy,
i ) ~ )

By fitting the simulation data with Eq. (5), we obtained
the parameters (a,b): case A (0.85,4); case B (0.07,0.7);
case C (0.01,0.5). Case A, where &, = &,, is expected to
be the closest to Néel’s model, which is characterised by a
random pinning field profile where the correlation in the
pinning field values and slopes is lost on the same scale.
Néel’s model predicts @ = 0.81 and b= 1/7. Our value
for a is in good agreement with Neel’s, while b is about
one order of magnitude greater. This disagreement arises
from the fact that Néel considered a DW initially in the
demagnetized state. Conversely, in our simulations we
simply placed the DW in a random stable position: a
choice which inevitably leads to higher dissipation and
thus to higher 5 values. The new regime a <1 is not
present in Néel’s model. It can be seen that the values of a
approximately scale as ya. In fact, the DW reversible
permeability is controlled by the local pinning field slope.
This slope is of the order of 1/s= Ja. The simulations
also show that & - 0.5 for &~ 0. In fact, it can be proved
that, in the limit ¢ — 0, the DW behavior is equivalent to
a Preisach distribution [5] p(h,,k,) = yexp(—Bh,). It can
be shown that the value of p at i, = 0 is just the value of
the parameter b of the Rayleigh law, which gives b =0.5.
Figs. 1 and 2 also show the behavior of the hysteresis loss
per cycle, W. In the cases where the Rayleigh law holds,
one expects W= 3bh3. The straight lines in the figures
show that this is indeed the case. At larger fields, when the
magnetostatic field Bx becomes dominant, the hysteresis
loop attains a constant half-width, f, independent of A,
In this limit, W=4dhyx,=4hoh,/B and W/h% =
4hy/Bh,. In Ref. [3], it is shown that, when a—0,
ho=1/B. This represents an upper limit for the loss
behavior, as shown in Fig. 1 (W/h% =4/B8%h, =1/h,
for B =2). The difference between this line and the values
obtained from the simulations is the effect of the finite
value of « [3].
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