Sweep-rate dependent coercivity simulation of FePt particle arrays
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We present a simple method for parameterizing the sweep-rate dependence of the coercivity.
We use it to fit data obtained from Landau-Lifshitz dynamic simulation, to extrapolate them to
experimental time scales. The method is a generalization of the Sharrock theory in which all the
data fall on a single universal curve if the coercivity and sweep-rate are scaled properly.

I. INTRODUCTION

In characterizing particulate assemblies and evaluating
their potential as magnetic storage media, the time-scale-
dependent coercivity is frequently measured. This can be
done in a hysteresis loop, in which case the relevant time
scale is the reciprocal of the sweep rate R = dH/dt, or
in response to a constant field, in which case the relevant
time scale is the duration ¢ of application of the field.
In the constant-field case, it has been found by several
groups[1][2] that the resulting coercivity H.(t) can be
fit very accurately by Sharrock’s Law (Eq. 5 below) by
varying two or three parameters. Sharrock’s Law can be
derived in a very simple way from very simple assump-
tions. We assume that the particles of an assembly are
identical and switch by a thermally activated mechanism
that is described by an Arrhenius law

r = foe E/kBT (1)

where the constant fj is called the ”attempt frequency”
and F is an activation energy given by

E=KV(1— H/Hy)" 2)

with K the uniaxial anisotropy energy and Hg the field
at which the activation energy vanishes. The parameter
Hj is equal to the anisotropy field Hx = 2K /M, (M, is
the saturation magnetization) if the particles are aligned
along the field axis, but will be smaller if the particles are
not aligned. The exponent n is equal to 2 in the simplest
case (particles aligned along the field direction) but other
values such as 3/2 have been used [3][2]. In this paper,
we will give results for n = 3/2.

The application envisioned in the present paper is the
determination of the fundamental anisotropy parameter
K from experimental coercivity data on particle arrays.
Extensive work on this problem has been done by a
number of groups using the Monte Carlo[4] and master-
equation[5][6] methods. However, these methods require
assuming an Arrhenius law for the switching rate of an
individual particle, i.e. assume that the reversals are in-
dependent and that transition state theory is valid. Al-
though these assumptions may often be justifiable, in the
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present paper we will take a more microscopic approach
to the dynamics and use the Landau-Lifshitz equation to
evolve the system. This has the advantage of describ-
ing precessional phenomena and collective switching cor-
rectly, but the disadvantage of being limited to very short
time scales.

Thus we have the problem of extrapolating our simu-
lated coercivities from the nanosecond scale to a scale of
seconds. To do this, we will fit our results to a Sharrock-
like formula based on transition state theory. Note that
this approach does not require assuming the detailed va-
lidity of the theory behind the fitting formula — it is only
used to fit a result obtained from a more fundamental
theory. Because it is experimentally easier to measure
the sweep-rate dependent coercivity[7] than the time-
dependent coercivity modeled by Sharrock’s law, we have
done simulations of hysteresis loops and determined the
sweep-rate dependent coercivity from LL simulation with
known Hp, and wish to extrapolate these results to low
sweep rates. Thus we would like a sweep-rate analog of
Sharrock’s law.

Several adaptations of Sharrock’s law to sweep-rate de-
pendent coercivity have been discussed previously. Flan-
ders and Sharrock[7] have made a graphical argument,
based on the approximate history-independence of the
switching rate, that one can simply identify the sweep
rate R with the derivative dH.(t)/dt with respect to the
pulse-duration ¢t. Chantrell et al[10] have calculated the
R-dependent coercivity in the small-R limit (see Eq. 12
below). Unfortunately, not all of our simulations are in
the small-R limit, so we would like a result valid for all
R. We have found that it is possible to calculate the
relationship between R and H. analytically in terms of
error functions, for all values of R, and this provides a
very convenient way of fitting our data and extrapolating
to the small-R limit. Our new result reduces to that of
Chantrell et al in the appropriate limit.

II. SWEEP-RATE DEPENDENT COERCIVITY

As in the original Sharrock theory of pulse-duration-
dependent coercivity, we assume that the probability
P,(t) that a particle is still unswitched at time ¢ obeys

dP,
% — _yp,
el (3)



Using Egs. 1 and 2 for the rate r, and P,(—o0) =1,

' b -m)/Ho"
h’lP(t) = —fo/ ’I“dt/ = —fo/ e kBT 0 dt/
(4)

Since the coercive state is achieved when P(t) = 1/2, the
left hand side is —In 2.

If we now assume that H(t) is constant over a time
interval of length ¢, we immediately obtain the standard
Sharrock law([1]

In2= fote_’””};_VT(l_H“‘/HO)n (5)

However, if we instead assume the field is swept linearly
with time, with a sweep rate R = dH/dt, we can again
solve the problem analytically. To do this, convert to the
dimensionless variable y = s(1 — H(t')/Hy) where

— KV 1/n
so that
In2= Hofo / e V" dy (7)
Rs  Jsu—m./mHo)

In the case n = 2, this integral is a well-known func-
tion, the complementary error function defined by|9]

2 e
erfc(y) = m/ eV dy (8)
y

For other values of n, we can define a generalized error
function

so that erfe(y) = erfg,(y). [For simplicity, we use the
standard normalization constant chosen so erfc(0) = 1,
though in general erfg,, (0) # 1.] This is easy to compute
by numerical integration.

Thus we obtain a very simple relation between the
sweep rate R and the coercivity H.:

R = Ry erfg, (s(1 — H./Hyp)) (10)
where the sweep-rate scale is set by

/2 foHy
2In2 s

When the rate R is very small, the argument of the error
function is very large, and one can use the asymptotic
form

9 eiyn,

T1/2 pyn—1 (12)

erfg, (y) —

In this limit, our results are equivalent to those of
Chantrell et al[10].

Note that Eq. 10 has a simple universal form

x = erfg, (y) (13)
in terms of rescaled rate and field variables,
x=R/Ry and y = s(1 — H./Hp) (14)

The universal function erfg,, is shown in Fig. 2 below,
for n = 2 and n = 3/2; x and y increase to the left and
down, for consistency with plots in which the variables
are time and coercive field H..

In Sec. IV below, we will fit this formula to our simu-
lation results.

III. SIMULATION

We have simulated an infinite 2D hexagonal array of
FePt particles using the Landau-Lifshitz equations[11].
We have used periodic boundary conditions with a 4 x 8
array of particles, and include all magnetostatic interac-
tions using a fast multipole method recently adapted to
periodic boundary conditions[12]. We assume the parti-
cles are 4 nm in diameter with a 6 nm center-to-center
distance, so there is no exchange interaction. We used a
program that was written for micromagnetics with cubic
cells, but at this separation the multipole field of a sphere
is indistinguishable from that of a cube (they differ only
at the fourth order or hexadecapole level).

To check that the stochastic Landau-Lifshitz simula-
tion program worked correctly, at least without inter-
actions, we computed the equilibrium magnetization at
several values of the field and checked that they agreed
with the Langevin formula for the magnetization of non-
interacting particles.

We have determined the coercivity from a hys-
teresis loop at field sweep rates R = 2.5,5,10,20,
and 40 kOe/ns, for each of three values of
anisotropy: Hyg = 4, 15, and 50 kOe. An ani-
mated visualization of the hysteresis simulation is at
http://bama.ua.edu/~visscher/mumag, showing the
evolution of the particle magnetizations while the
hysteresis loop is drawn. The coercivity shown in the
figures has been averaged over 10 simulations.

IV. FITS

The simulation data points are shown in the H. wvs.
R plane in Fig. 1. To fit them to our model (Eq. 3),
we must choose the three parameters Hyp, s, and Ry. It
is apparent from Fig. 1 that the data fall very close to
a straight line, and hence determine only two parame-
ters (the height and slope of the line). The curvature
of the available data is too small to determine the third
parameter reliably. The parameter about which we can
make the best guess is Hy, related to the static switching
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FIG. 1: Hysteresis vs. sweep-rate data, fitted to Eq. 10.

field, which is known to be about 0.5Hg for 3D ran-
dom anisotropy. So we will constrain Hy = Hg /2. The
remaining two variables can actually be fit without a nu-
merical fitting program, because changing these variables
just rigidly translates the points in a plot of Iny vs. Inx
(like Fig. 2 but with a logarithmic vertical axis). Chang-
ing s shifts the points vertically by shifting Iny, whereas
changing Ry shifts them horizontally. Thus we need only
find a point where the universal Iny vs. Inx curve has
the correct slope, and translate the center of the data
segment to that point. Then all the points lie near the
universal curve in Fig. 2, in terms of dimensionless vari-
ables x and y. As a reminder that all the curves in Fig.
1 differ only by rescaling, we have scaled Fig. 1 so that
the top part (above the horizontal line) is identical with
Fig. 2 except for axis scaling.
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FIG. 2: Universal curves for n = 3/2 and n = 2, showing that
the scaled data points (x,y given by Eq. 14 ) for Hx = 4
kOe and Hk = 50 kOe (as well as Hx = 15 kOe, which is
not shown to avoid clutter) all fall on the universal curve, if
choose the right scaling parameters Ro and s. Horizontal ()
axis is logarithmic.



