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‘‘Dynamic-thermal’’ reversal in a fine micromagnetic grain: Time
dependence of coercivity

Vladimir L. Safonova) and H. Neal Bertram
Center for Magnetic Recording Research, University of California—San Diego, 9500 Gilman Drive, La
Jolla, California 92093-0401

An analytic model for reversal field versus pulse time in a fine magnetic grain has been developed
for the case when the external magnetic fieldH0 is parallel to the axis of uniaxial anisotropy. The
expressions include both thermal fluctuations and magnetization dynamics. Therefore application is
for fields both less than and greater than the intrinsic uniaxial anisotropy fieldHK . For the case of
2H0 /HK.1 the mean first passage time from the initial saturated state to the thermodynamically
equilibrium reversed state is calculated. For the case of2H0 /HK,1 we calculate the mean first
passage time from the thermodynamically equilibrium state of the metastable well to the
thermodynamically equilibrium stable reversed state. It is shown that simple Ne´el–Arrhenius
analysis is applicable for times greater than at least 100/agHK . © 2000 American Institute of
Physics.@S0021-8979~00!83508-2#
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I. INTRODUCTION

Advanced media for ultrahigh density recording is co
prised of such small grains that thermal fluctuations are
portant. Three time regimes are of interest: the short pu
time corresponding to the recording process~;1 ns!, inter-
mediate times corresponding to hysteresis loop meas
ments~;1 s!, and long times corresponding to storage~;10
years!. For medium to long times Ne´el–Arrhenius analysis
has been utilized assuming a phenomenological attempt
quencyf 0 .1 Under a variety of approximations the Fokker
Planck equation for the effect of thermal fluctuations on
single grain has been derived and solved.2–6

Recently, a new theoretical formulation has been p
posed in which a particular simple form of the Langev
equation is utilized.7,8 This approach is based on a partic
larly physical form of the phenomenological damping and
applicable to all energy barriers. In this article we use t
formulation to derive the reversal time for any applied ma
netic field.9

II. MODEL

We consider the dynamics of a single-domain magn
grain as a coherent rotation of magnetization in the effec
magnetic fieldHeff52(]E/V)/]M , where

E5KuV sin2 u2MsVH0 cosu ~1!

is the energy,V is the grain volume,Ku is the uniaxial an-
isotropy constant. In Eq.~1! u is the angle between the vecto
magnetizationM (uM u5Ms) and the anisotropy axis.H0 is
the external magnetic field oriented along the anisotro
axis.

The coherent rotation of the magnetization includi
thermal agitation can be described as a ‘‘random walk’’ m
tion of nonlinear oscillators in two separated energy wells
Fig. 1 the energy~1! is plotted versus magnetization comp

a!Electronic mail: safanov@sdmag4.ucsd.edu
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nent along the anisotropy axis direction (Mh5Ms cosu) for
a reverse applied field. We describe the magnetization c
ponentMh in terms of classical occupation numbers:N1 and
N2 correspond to the magnetization variation left and right
the energy maximum in Fig. 1, respectively. Thus,Mh

(left)

5Ms(12N1 /S) and Mh
(right)52Ms(12N2 /S), where S

5MsV/\g is the net spin corresponding to the magnetiz
tion Ms . Even though we formulate this problem in terms
the spin involving the gyromagnetic precession constang
and Planck’s constant\, this is a purely classical analysi
and\ does not enter any final result.

In the first well the energy~1! has the form

E1~N1!52\gSH01\v1~12N1/2Ntop,1!N1 ,

0<N1,Ntop,1, Ntop,15S~11h!. ~2!

Here v15g(HK1H0) and h[H0 /HK . At the top of the
energy barrier (Ntop,1) the magnetization changes its dire
tion of rotation.

FIG. 1. The energy barrier~in relative units! and coordinates of nonlinea
oscillators.H0 /HK520.2.
1 © 2000 American Institute of Physics
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In the second well the energy~1! is

E2~N2!5\gSH01\v2~12N2/2Ntop,2!N2 ,

0<N2,Ntop,2, Ntop,25S~12h!. ~3!

Herev25g(HK2H0).
In Ref. 8 it has been shown that the stochastic differ

tial ~Langevin! equations forNj ( j 51,2) can be written as

dNj52~2h jNj1D j !dt12ANjD jdWj , ~4!

where Wj describe independent random processes,h j

5(a j /\)dEj /dNj are the thermodynamically consiste
nonlinear relaxation rates andD j5a j kBT/\ are the diffusion
coefficients. In principal, the dimensionless damping para
etersa1 anda2 can differ from each other. These paramet
can be obtained from ferromagnetic resonance experime

We derive the mean first passage timet from one well to
another. It is natural to choose the starting point of rand
motion asNT,1 and the finishing point asNT,2 , where

NT, j5
*0

Ntop,jdNNexp@2Ej~N!/kBT#

*0
Ntop,jdN exp@2Ej~N!/kBT#

~5!

are the Boltzmann equilibrium occupation numbers~or, equi-
librium magnetizations! in the first and second wells, respe
tively.

The mean first passage time is comprised of three c
tributions:

t5t11t21t12. ~6!

As illustrated in Fig. 1,t1 is the passage time from initia
stateNT,1 , to the top of the energy barrier.t2 is the passage
time from the top of the barrier to the final stateNT,2 . t12

describes an additional delay because once a magnetiz
is at the energy maximum, thermal fluctuations can drive
system to either well.

A. Thermal reversal

Consider the case21,H0 /HK<0 when the energy
barrier separates two wells. The mean first passage time
~6! from the thermodynamically equilibrium state of th
metastable well to the thermodynamically equilibrium sta
reversed state can be written as

a1gHKt15j~11h!~12n̄1!E
0

1

dvE
0

1

du exp$j~11h!2

3z1~v !~12u!@22z1~v !~11u!#%, ~7!

a2gHKt25j~12h!~12n̄2!2E
0

1

dv
12v
z2~v !

3E
0

1

du exp$2j~12h!2~12n̄2!

3u~12v !~22u!@12z2~v !#%, ~8!
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a1gHKt125j~11h!~12n̄2!exp~4hj!E
0

1 dv
z2~v !

3E
0

1

du exp$2j~11h!2u~22u!%

3 exp$j~12h!2z2~v !@22z2~v !#%. ~9!

Here z j (v)5(12n̄ j )v1n̄ j , n̄ j5NT, j /Ntop,j and j
5KuV/kBT.

B. Dynamic reversal

For the caseH0 /HK<21 there is only one well and the
mean first passage time from the initial saturated stateN2

52S) to the thermodynamically equilibrium reversed sta
N25NT,2 is given byt2 only (t15t1250):

a2gHKt252j~12n̄d!2E
0

1

dv
12v
zd~v !

E
0

1

du

3exp$24j~12n̄d!u~12v !

3@12h2u2~22u!zd~v !#%, ~10!

wherezd(v)5(12n̄d)v1n̄d and n̄d5NT,2/2S.
For comparison we can derive the corresponding ‘‘d

namic’’ time td which is calculated without thermal agita
tion:

a2gHKtd5
1

2~12h!
lnFh2112n̄d

~h11!n̄d
G . ~11!

III. DISCUSSION

Simple scaling relations apply for this case of appli
field parallel to the anisotropy axis. The only parameters t
occur in Eqs.~7!–~9! are the scaled variablesh5H0 /HK ,
j5KuV/kBT, a1gHK , anda2gHK . Here we will illustrate
these results by plotting field versus reversal time. For s
plicity, we consider the casea15a25a.

In Fig. 2 normalized reversal field (2H0 /HK) is plotted
versus normalized timeagHKt for the caseKuV/kBT550.
The solid curve utilizes the net passage time Eq.~6! obtained
from Eqs.~7!–~9!. For comparison the contributionst1 , t2 ,
t12, andtd from Eqs.~7!–~10! are shown, respectively. Fo

FIG. 2. Time dependence of coercivity vs exit time~solid line! and its
components.
P license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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very long times and fields not too small (2H0.0.2HK)t1 is
the major contributor. For short times where2H0 ap-
proachesHK both t1 and t2 are important. For extremely
short times where reversal fields exceedingHK are required,
the t2 approaches the purely dynamic limittd . One can see
that for KuV/kBT550 the reversal field equalsHK for pulse
times about 2.5/agHK . The ‘‘dynamic time’’ td , which
does not take into account a thermal agitation, asymptotic
goes to infinity whenh5H0 /HK increases to21. The dif-
fusion timet12, relatively small in the vicinity ofh521,
increases with increasingh and equalst1 at h50. This fact
has a simple physical interpretation: for a symmetric bar
the chance to move to a new well and the chance to re
back are equal.

The effect of relative energy barrierKuV/kBT on the
time dependence of coercivity for factors 10<KuV/kBT
<60 is shown in Fig. 3. For all but the shortest times t
reversal field depends strongly on the energy barrier. At v
short times the reversal field depends only onagHKt inde-
pendent ofKuV/kBT. For every energy barrier there is a tim
for which the reversal field vanishes. For measurement tim
greater than these critical values the particles are ‘‘superp
magnetic.’’

It is interesting to express the time dependence of co
civity 2H0 /HK in terms of the simple Ne´el–Arrhenius re-
sult (12A(kBT/KuV)ln(f0t/ln 2)).1 Figure 4 demonstrate
that this dependence is close to linear forKuV/kBT.50 and
2H0 /HK,0.8. In agreement with Fig. 2 this simple Ne´el–
Arrhenius result may be used to estimate coercivity for tim

FIG. 3. Time dependence of coercivity for variousKuV/kBT.
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greater thanagHKt;100. For example, forKuV/kBT.50 at
agHKt;100 the difference between our result and Ne´el–
Arrhenius is about 10% and vanishes asymptotically at m
greater times.

The scaling laws givef 0.2agHK for the time regime
where the Ne´el–Arrhenius result is applicable. For examp
for HK52000 Oe, a;0.1, andg51.763107 Oe21 s21, f 0

.0.731010s21, which is typical of experimenta
measurements.10
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