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“Dynamic-thermal” reversal in a fine micromagnetic grain: Time
dependence of coercivity

Vladimir L. Safonov® 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 fiellglis 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 anisotropyHieldFor the case of
—Hgy/Hk>1 the mean first passage time from the initial saturated state to the thermodynamically
equilibrium reversed state is calculated. For the case df,/H<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 simpé&—Nehenius
analysis is applicable for times greater than at leastd@B/i . © 2000 American Institute of
Physics[S0021-89780)83508-3

I. INTRODUCTION nent along the anisotropy axis directiol (=M cosé) for

Advanced media for ultrahigh density recording is com-& reéverse qpplied field. We_ describe th_e magnetization com-
prised of such small grains that thermal fluctuations are imPONeNtMy, in terms of classical occupation numbel: and
portant. Three time regimes are of interest: the short pulsd2 correspond to the magnetization variation left and right of

. . . . i i i i (left)
time corresponding to the recording procéssl ns, inter- e energy maximum '[‘rig';t')g- 1, respectively. Thig,*
mediate times corresponding to hysteresis loop measuré=Ms(1—=N;/S) and Mj=7=—-M(1—-N,/S), where S
ments(~1 s), and long times corresponding to storagel0  — MV/fhy is the net spin correspond_mg to the _magnetlza-
years. For medium to long times Mg¢—Arrhenius analysis ton M§. I_Even t.hough we formulate.thls proble_m in terms of
has been utilized assuming a phenomenological attempt fréb€ Spin |n\{olvmg the gyromagnetic precession constant
quencyf,.! Under a variety of approximations the Fokker— and Planck’s constartt, th|§ is a purely classical analysis
Planck equation for the effect of thermal fluctuations on a2nd7% does not enter any final result.
single grain has been derived and sol¢ed. In the first well the energyl) has the form

Recently, a new theoretical formulation has been pro- E1(Ny)=—hySHy+hw;(1—N1/2Nigp )Ny,
posed in which a particular simple form of the Langevin
equation is utilized:® This approach is based on a particu-  O<N1<Nip1, Niop1=S(1+h). 2
larly physical form of the phenomenological damping and isjere o, = y(H+H,) and h=H,/Hy. At the top of the

applicable to all energy barriers. In this article we use thisenergy barrier Klops) the magnetization changes its direc-
formulation to derive the reversal time for any applied mag-jon of rotation.

netic field?®

M
IIl. MODEL M. . 0 . s

We consider the dynamics of a single-domain magnetic
grain as a coherent rotation of magnetization in the effective
magnetic fieldH 4= —(0E/V)/IM, where

E=K,V sir? 6—MVH,cosé (1)

is the energyyV is the grain volumeK, is the uniaxial an-
isotropy constant. In Eq1) #is the angle between the vector
magnetizationM (|M|=My) and the anisotropy axisd, is
the external magnetic field oriented along the anisotropy
axis.

The coherent rotation of the magnetization including
thermal agitation can be described as a “random walk” mo-

tion of nonlinear oscillators in two separated energy wells. In ot > < 10
Fig. 1 the energyl) is plotted versus magnetization compo- N4 Niopt' Niop2 N2
FIG. 1. The energy barrigfin relative unitg and coordinates of nonlinear
3E|ectronic mail: safanov@sdmag4.ucsd.edu oscillators.Hy/Hc=—0.2.
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In the second well the energy) is
1.1 K VA T =50 |
52(N2):h'}/SH0+ hwz(l_N2/2Nt0p’2)N2,
e - N
0=Nz<Nigpz, Niopz=S(1—h). ®) P R *
- 1 \\-
Here w,= y(Hx—Ho). ;c: 9 T2\
In Ref. 8 it has been shown that the stochastic differen- It NS
tial (Langevin equations foN; (j=1,2) can be written as 08¢ t
dN;=2(— 7;N;+D;)dt+2\N;D;dW, , (4) 07 §
where W, describe independent random processes, — L

=(aj/h)d& /dN; are the thermodynamically consistent 10“ owHKt 102
nonlinear relaxatlon rates aiy} = a;kg T/ are the diffusion
coefficients. In pr|nc|pa| the d|mens|on|ess damp|ng paramFlG 2. Time dependence of coercivity vs exit tingolid line) and its
etersa, anda, can differ from each other. These parameters~omponents.
can be obtained from ferromagnetic resonance experiments.
We derive the mean first passage timfeom one well to 1 do
another. It is natural to choose the starting point of random  a;yHg7,=&(1+ h)(l—ﬁz)exp(4h§)f L)
motion asNy ; and the finishing point ably ,, where

J‘gltop,jd NNexg — & (N)/kgT] X fldu exp{— £(1+h)2u(2—u)}
0

Ny ;= : 5
T raeridN exd — &/(N)/kgT] ©

X exp{é(1—h)?L(0)[2= ()]} (9
are the Boltzmann equilibrium occupation numb@ns equi- 41 Gi(0)=(1-M)v+n, Mm=Ny/Ng,; and ¢
librium magnetizationksin the first and second wells, respec- _ ¢ V/kéT ! AR

u

tively.
The mean first passage time is comprised of three corB. Dynamic reversal
tributions: For the casédo/H=<—1 there is only one well and the

mean first passage time from the initial saturated sthite (
=29S) to the thermodynamically equilibrium reversed state
As illustrated in Fig. 1,7, is the passage time from initial N2=Nr2 S given by, only (71: 712:0):

stateNt 1, to the top of the energy barrier; is the passage

T:’7'1+7'2+7'12. (6)

—U
time from the top of the barrier to the final statg ,. 71, ayyH7,=28(1—ng) f dv 4(0)
describes an additional delay because once a magnetization d
is at the energy maximum, thermal fluctuations can drive the xXexp—4&(1-ny)u(l—v)
system to either well.

X[1-h—u=(2-u)¢4(v)1}, (10
where4(v)=(1—ng)v +ng andng= N ,/2S,

A. Thermal reversal For comparison we can derive the corresponding “dy-

namic” time 74 which is calculated without thermal agita-
Consider the case-1<Hy/Hx=<0 when the energy tjon:

barrier separates two wells. The mean first passage time Eg.

(6) from the thermodynamically equilibrium state of the _ . h—1+2n4
. o azyH 74 In = (12)
metastable well to the thermodynamically equilibrium stable 2(1=h) | (h+1)ng
reversed state can be written as
I1l. DISCUSSION
1 1
ayHgT=&(1+ h)(l—ﬁl)J va duexp{£(1+h)? Simple scaling relations apply for this case of applied
0 0

field parallel to the anisotropy axis. The only parameters that
X £1(0)(L—u)[2— &4 (v)(1+u)]}, (7) ~ occur in Eqs.(7)—(9) are the scaled variablés=Hq/Hy,
! ! I E=K V/IKgT, a1yHk, anda,yHy . Here we will illustrate

1—v these results by plotting field versus reversal time. For sim-
apyHi 7= &(1—h)(1-ny) j dv — 500) plicity, we consider the case;=a,=a
2 In Fig. 2 normalized reversal field(H,/H) is plotted
1 o — versus normalized timeyHt for the caseK,V/kgT=50.
X Jo duexp{—£(1-h)%(1-ny) The solid curve utilizes the net passage time @yobtained
from Egs.(7)—(9). For comparison the contributions, 7,
XUu(l—v)(2—u)[1-2,(v)]1}, (8) T12, andrq from Eqgs.(7)—(10) are shown, respectively. For
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FIG. 4. Coercivity vs time expressed in terms of Sharrock’s expression for
variousK V/kgT.

FIG. 3. Time dependence of coercivity for variokigV/kgT.
greater tharw yHt~100. For example, foK ,V/kgT>50 at

very long times and fields not too smat-Hy>0.2H) 7, is ayHt~100 the difference between our result andeNe
the major contributor. For short times whereH, ap-  Arrhenius is about 10% and vanishes asymptotically at much
proachesHy both 7, and 7, are important. For extremely greater times.
short times where reversal fields exceedihg are required, The scaling laws givd,=2ayH for the time regime
the 7, approaches the purely dynamic limi§. One can see where the Nel—-Arrhenius result is applicable. For example,
that for K, V/kgT=50 the reversal field equaldy for pulse  for H,=2000Oe, a~0.1, andy=1.76x 10’ Oe 1s7% f,
times about 2.%yH,. The “dynamic time” 74, which  =0.7x10s™!, which is typical of experimental
does not take into account a thermal agitation, asymptoticallyneasurement®.
goes to infinity wherh=H,/Hy increases to-1. The dif-
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