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Thermal stability of exchange-coupled magnetic grains
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We analyzed the effects of exchange interactions on the thermal stability of magnetic grains in perpendicular
recording media. We modeled the magnetic properties of single-domain, uniformly oriented grains using the
master equation formalism and the mean-field theory for systems with anisotropy. In the absence of applied
fields and for exchange fields much smaller than the anisotropy field, the relaxation time of the system
increases linearly with the exchange field amplitude. In the presence of applied fields, exchange interactions
and thermal fluctuations improve the switching dynamics of the system leading to a reduction in the energy
barrier distribution width and a reduction in the switching field amplitude. For both cases, we propose analytic
expressions for the thermal dependence of the relaxation time and the switching field.
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The superparamagnetic limit of magnetic nanograins irformed by the anisotropy axis and the magnetic-moment
recording media has been discussed thoroughly in recemiector of the grain relative to the effective fiditl¢, given
years™? The description of these systems is normally basedy
on analytical models for interactifgand noninteracting
grains? and on micromagnetic simulation$.For the par- Hetr=Happ™ MHex, 2
ticular case where exchange interactions are considered, ) ] ] ]
experimentdl and numericdl results show an improvement WhereHap, is the applied field andde, is the mean ex-
of thermal stability in the system. The main results for in-change field amplitude,, is proportional to the exchange
creasing exchange fields report a reduction of the width ofonstantJ and the number of nearest neighbors of each
the switching field distribution together with an increase ingrain.” He is modulated bym, which is the average projec-
the coercivity, activation volume, and blocking temperature fion of the equilibrium moment vectors along the applied
Nevertheless, a simple analytic expression that relates tHeeld directionz. Since the easy axes are distributed on the
effect of exchange on the thermal stability of the grains is yehemisphere according to some distribution functag(p),
to be proposedWe present a method to analyze the effect ofquantitym is given by
exchange interactions between grains in recording media.

The method uses the mean-field theory for systems with an- 2 . q
isotropy, which was developed initially to describe effects of o cog 0(¢)]1g(¢)sin($)d¢o
exchange interactions on atomic systems with random m=(cos6) ,= — (3)
anisotropy:’ Two cases are considered. In the first, we as- i

e g(p)sin(¢)de
sume no applied field to calculate the mean effect of ex- 0

change interactions on the relaxation time of the system. In

the second, we assume static fields, applied in sequ@sce  The solution forg(¢)=1 has been obtained fdr=0 K

in a hysteresis logpto compute the magnetic moment using (Ref. 10 and forT#0 K (Ref. 13 by solving Egs.(2) and

the master equatiofME) formalism. For both cases, analytic (3) simultaneously and assuming that the exchange field is in

expressions for the thermal dependence of the relaxatiohez direction. This assumption is coherent with the fact that

time and switching field are obtained. there is no preferred orientation since the anisotropy axes are
We use the Stoner-Wohlfarth model to describe the behawdistributed uniformly. In these cases, exchange interactions

ior of individual magnetic grains under the influence of thereduce the overall coercivity of the system by averaging out

mean exchange field. The exchange field is a consequence e local anisotropy.

the exchange interaction mediated by the grain boundaries or Here, we focus on a different case, wheyep) = 5(¢),

by a soft underlayer. We assume that each grain can be cope., all the grains are oriented along the applied field axis. In

sidered as a single domain and that neighboring grains cais case, Eq(3) givesm=cos#, and a direct substitution of

interact via exchange only. The system is considered to bgq. (2) into Eq.(1) leads to an additional term in the anisot-

uniaxial, with the magnetic energy given by ropy constant that is proportional td.,. The anisotropy

field amplitude of the interacting system is then given by

E=—MVH,:cosd—KV co(p—6), 1
eff (¢—0) @ Han=H3,(1+2hg)), (4)

whereM, V, andK are the saturation magnetization, the vol- whereHg =2K/M is the anisotropy field for each grain and
ume, and the magnetocrystalline uniaxial anisotropy constarite,=H,,/H3, is the normalized exchange field. The energy
of each grain, respectively. The anglésand 6 are those barrier of the system at zero applied field also increases lin-
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early with he,. Therefore the relaxation time in the 1 [ 7
Arrhenius-Nel formula has now an exchange term (@)
KV(1+2hey) A
T= ToeXF{kB—Te} ) ) \ hex
E O [reremrmmsemmsnsesneg e R
h-h_ i
where 7, is a constantkg is Boltzmann’s constant, arflis 1 s
the temperature.
This result relates the effect of exchange on the increase

of the effective activation volume observed experimentally -7

in high-density perpendicular medi&quation(5) also con-
firms the expression obtained by Glauidor a system of
Ising spins with nearest-neighbor exchange interactions. In 1
his paper, Glauber found that the relaxation dynamics is
slowed by the presence of exchange interactions. In particu-
lar, for he,<1, the relaxation time in Eq5) increases lin-
early withhg,, which matches Glauber’s prediction for small & 0
hey-

The thermal stability improvement due tg, does not
mean that the coercivity of the system will also increase. In
fact, the correlations provided by the exchange interactions
also enhance the switching dynamics close to the switching -7
field. This mechanism can be understood by considering
small deviations of the easy axis orientation of each particle
with respect to the applied field axis. This misalignment will ~ FIG. 1. Graphical solution of Eqs2) and(6). (a) The straight
naturally move the switching point of each particle out of theline is given by Eq/(2) solved form. Equation(6) is approximated
astroid’s cusp and reduce the switching field along the apPere to a perfectly square demagnetizing brartich Equation(6)

plied field directiont? Since the exchange interactions are déscribed by the ME formalism, with the highest slope giverrby
proportional to the relative angle between the nearest mo‘_l’he lines corresponding {8 and vy relate to different values of the
ormalized exchange fielo,=H¢,/H3,. The inset shows the so-

ments, the mean exchange field due to the misalignment be-" .

tween particles will also have a transverse field componen ution of Egs.(2) and (6) for different he, values.

This component will be added to the transverse component

of the applied field to reduce the longitudinal switching field.
For the case of perfectly aligned particles, the improve-

ment in the switching dynamics is caused by thermal fluc-de

tuations(spin flips. Every thermally induced flip that hap- : B

pens at fields smaller than the switching field will add angﬁg?,sn'?ntgg Cf:)eAVXTS&%poS]?C:ﬁ:f:ng\SVZS pQSQ)iBSS’SO-

extra negative field to the applied field. It is natural that theIutions form .but bnlymz 1 is: stable sincél..<0. No-

flipping probability decreases with exchange as shown b¥ice that thé normalized switching fieIUSEI:F;p/HO' de-
an

Eq. (5), but once a thermally induced flip happens, it drives _ ) ! .
the system faster to the new equilibrium state. creases linearly with the exchange field amplitude, h¢.,
=hg—hey.

To calculate the effects of temperature and exchange in-

teractions on the switching dynamics, we use the mean-field !N @ more realistic description of E(f), the de4magnetiz-
approach developed by Callen, Liu, and Cuffiwe now  Nd curve is obtained by using a ME formalist:*The ME

define thethermalaverage of the magnetic moment for non- déscribes the occupatidrof the magnetic moments between
interacting particles the stable and metastable minimum states of the system.

These two states are defined by Ef). for eachh,,,. The

rate at whichf changes in time is then given by
and calculate the mean-field interactions by solving E2js. T —fex;{ T +(1- f)exp{ — ﬁ)
and (6) simultaneously. An analytical solution can be ob- 7o B B
tained graphically fog(#)=&(¢), as shown in Fig. ).  whereAE; is the energy barrier for each minimum. The in-
We assume that Ed6) provides a perfectly square demag- tegration of Eq.(7) for time-varying applied fields can be
netizing branch of the hysteresis loop with the magnetizatiomptained via a series expansion for srm)S[Lp_ls For large
switching at her=Het;/H3,=—1. Equation(2) can be h,,,, f can be obtained by assuming timgy,,, varies step by
solved form, which describes a straight line of slopénd/  step. With this assumption, E¢7) can now be integrated
intercepting the her; axis at the applied fieldh,,,  exactly, sinceh,,, is constant during the integratidmea-
=H,pp/Han- surementtime 7, giving

Depending on the value ¢, the line can intercept the

magnetizing branch at one or more points. We are inter-

m={cosf), (6)

df 1
. (D
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B Tm B Tm 1 J T T T T T T T T T T T T I T T T ]
f=fyex —T—OA +a|l-ex —T—OA , (8) 038 (a) E
wheref, is the initial fraction(before the step im,,,) and R o : =Z .
o . ]
s e h 0. B
AE; AE, i — h_ =0 .
o ol ] © E
B—exg S 10 E
=& T/ (10 ]
0.8 1
o
Equation(8) can be used iteratively to generate the mag- 4
netization curve. For the particular case whefe=0, m o~ N L I L =
=2f—1. Once again, one can use the graphical construction C ]
shown in Fig. 1b) to obtain the solution of Eq$2) and(6). 0.8 = Jos
The main difference is that the demagnetizing branch of the C N
hysteresis loop now has a finite maximum derivative amagle o _ 06 doe
at the switching point. If the exchange field is sufficiently & C ] o~
small, e.g.he,= 1/tanB as shown in Fig. ), the line given = os o4
by Eq.(2) will intercept the demagnetizing curve at only one C ]
point for eachh,,,. The inset in Fig. (b) shows that, in this 02 o2
regime, the switching region narrows, but no change in the Co -
switching field is observed. Therefore the squareness of the o0 B N o
demagnetizing curve is enhanced when compared to the non 0 0.2 0.4 0.6 0.8 1
interacting curve. In the limit where,,— 0, the noninteract- By

ing demagnetizing curve is restored.
gForh il/tanag e.g.,h,= L/tany as shown in Fig. (b) FIG. 2. () Thermal dependence of the normalized switching
ex PoE &X s eld h, for different values of the normalized exchange figlg.

the line can intercept the demagnetizing curve in more tha?b . )

. s ) . . ." (b) Dependence of the normalized blocking temperaly£Tp and
one p_omt. The_ switching field is then red_e_flned as th.e pon he switching field amplitudéy on the normalized exchange field
at which the line crosses the demagnetizing curve in more

than one point. This situation not only improves the square-
ness, but also forces the switching field to decrease as shown

in the inset of Fig. (b). This result is similar to the analytical
one described ir? Faibg).(a). y fitting parameters, andT,/Tg on h, is plotted in Fig. 2b).

A simulation of the thermal dependence of the switching'1€re; the solid and dotted lines represent the graphical solu-
field for 0<hy,<1 was performed using the ME formalism 0N obtained using Fig.(&). The exponent; was found to

and the mean-field approach with the following parameters¥@"y by 0.003 around a mean value of 0.509. _
M =400 kKAm % (400 emucm?), K=2x10°Jm 3 (2 The results show that the exchange interactions, simulated

X 10° erg et 3), V=1.14x10"2* m® (a cylinder 9 nm in using the ME formalism, are in good agreement with the

diameter and 1’8 nm thigh® 7,=10"%'s, 7,=0.1 s, 1000 predicted result of Fig.(®). This means that a square loop is

points in the demagnetizing gurve with m —0003 and  an excellent first approximation for the magnetizing curve at
app— Y-

—1.5<h,,,=<1.5. These parameters provided the anisotropy’ * 0 K. The T,/T;, curve deviates from the square loop
field H® =800 KAm ! (10 kO& prediction. This is due to thermally induced shearing of the
an .

Figure Za) shows the thermal dependence of the normal-gemagnﬁt'z'ng bhr.ancthhat pr:pducesl a finite mahX|mum slope
ized switching field for different values df.,. For hg, uring the switching. From this result, we see that an exter-

—0, the curve reproduces the thermal dependence of tH al sheari_ng component, e.g., out-of-plane anisotropies or
switching field for a set of noninteracting monodomain emagnetizing fields, can be reduced by the presence of ex-

grains aligned along the applied field. For this case, theghange interactions. Additionally, we have seen that the ex-

simulation provides an initial blocking temperatdrgof 798 gzaggﬁo'gte?ﬁgosr;;LT;%LO::;E% zﬂgsvr?;s zxofotheﬁ;ui)nnmter—
K. The simulated curves of Fig.(& were fitted using the g 100p. bong
along the same direction. This effect leads to two important

equation agreement with the known prediction gf=0.5 (Ref. 4 for
noninteracting grains aligned along the applied field.
T\7 The exchange interaction described in this model is a co-
! (Tb) '
consequences. First, it helps increase the energy barrier of
Simulations for other values df,, in the range &h,, the system, which improves the thermal stability. This helps
<1 were also fitted using Eq11). The dependence of the explain the larger activation volume compared to the grain

ex given by Eq.(11).

h,= H—otzhf’ (11  operative effect, i.e., it tends to align the magnetic moments

an
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size observed experimentally in perpendicular recording metheoretically that these results lead to analytic expressions
dia. Second, exchange interactions enhance thermal fluctuger the thermal dependence of the relaxation time and the
tion effects and destabilize the system more easily. This corswitching field in terms of the normalized exchange field.
sequence has two implications on the recording media: a

narrowing of the width of the switching field distribution and ~ F.C.S.S. thanks Fundaz de Amparo aPesquisa do Es-

a reduction of the switching field amplitude. We have foundtado de Sa Paulo for partial financial suport.
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