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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 in
recording media has been discussed thoroughly in recent
years.1,2 The description of these systems is normally based
on analytical models for interacting3 and noninteracting
grains,4 and on micromagnetic simulations.5,6 For the particular case where exchange interactions are considered,
experimental7 and numerical8 results show an improvement
of thermal stability in the system. The main results for increasing exchange fields report a reduction of the width of
the switching field distribution together with an increase in
the coercivity, activation volume, and blocking temperature.
Nevertheless, a simple analytic expression that relates the
effect of exchange on the thermal stability of the grains is yet
to be proposed.9 We present a method to analyze the effect of
exchange interactions between grains in recording media.
The method uses the mean-field theory for systems with anisotropy, which was developed initially to describe effects of
exchange interactions on atomic systems with random
anisotropy.10 Two cases are considered. In the first, we assume no applied field to calculate the mean effect of exchange interactions on the relaxation time of the system. In
the second, we assume static fields, applied in sequence 共as
in a hysteresis loop兲 to compute the magnetic moment using
the master equation 共ME兲 formalism. For both cases, analytic
expressions for the thermal dependence of the relaxation
time and switching field are obtained.
We use the Stoner-Wohlfarth model to describe the behavior of individual magnetic grains under the influence of the
mean exchange field. The exchange field is a consequence of
the exchange interaction mediated by the grain boundaries or
by a soft underlayer. We assume that each grain can be considered as a single domain and that neighboring grains can
interact via exchange only. The system is considered to be
uniaxial, with the magnetic energy given by
E⫽⫺M VH e f f cos  ⫺KV cos2 共  ⫺  兲 ,

H e f f ⫽H app ⫹mH ex ,

共2兲

where H app is the applied field and H ex is the mean exchange field amplitude. H ex is proportional to the exchange
constant J and the number of nearest neighbors of each
grain.10 H ex is modulated by m, which is the average projection of the equilibrium moment vectors along the applied
field direction ẑ. Since the easy axes are distributed on the
hemisphere according to some distribution function g(  ),
quantity m is given by

m⫽ 具 cos  典  ⫽
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The solution for g(  )⫽1 has been obtained for T⫽0 K
共Ref. 10兲 and for T⫽0 K 共Ref. 13兲 by solving Eqs. 共2兲 and
共3兲 simultaneously and assuming that the exchange field is in
the ẑ direction. This assumption is coherent with the fact that
there is no preferred orientation since the anisotropy axes are
distributed uniformly. In these cases, exchange interactions
reduce the overall coercivity of the system by averaging out
the local anisotropy.
Here, we focus on a different case, where g(  )⫽ ␦ (  ),
i.e., all the grains are oriented along the applied field axis. In
this case, Eq. 共3兲 gives m⫽cos , and a direct substitution of
Eq. 共2兲 into Eq. 共1兲 leads to an additional term in the anisotropy constant that is proportional to H ex . The anisotropy
field amplitude of the interacting system is then given by

共1兲

where M, V, and K are the saturation magnetization, the volume, and the magnetocrystalline uniaxial anisotropy constant
of each grain, respectively. The angles  and  are those
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formed by the anisotropy axis and the magnetic-moment
vector of the grain relative to the effective field H e f f , given
by

o
H an ⫽H an
共 1⫹2h ex 兲 ,

共4兲

o
where H an
⬅2K/M is the anisotropy field for each grain and
o
is the normalized exchange field. The energy
h ex ⬅H ex /H an
barrier of the system at zero applied field also increases lin-
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early with h ex . Therefore the relaxation time  in the
Arrhenius-Néel formula has now an exchange term

冋

 ⫽  o exp

册

KV 共 1⫹2h ex 兲
,
k BT

共5兲

where  o is a constant, k B is Boltzmann’s constant, and T is
the temperature.
This result relates the effect of exchange on the increase
of the effective activation volume observed experimentally
in high-density perpendicular media.7 Equation 共5兲 also confirms the expression obtained by Glauber11 for a system of
Ising spins with nearest-neighbor exchange interactions. In
his paper, Glauber found that the relaxation dynamics is
slowed by the presence of exchange interactions. In particular, for h ex Ⰶ1, the relaxation time in Eq. 共5兲 increases linearly with h ex , which matches Glauber’s prediction for small
h ex .
The thermal stability improvement due to h ex 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
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
naturally move the switching point of each particle out of the
astroid’s cusp and reduce the switching field along the applied field direction.12 Since the exchange interactions are
proportional to the relative angle between the nearest moments, the mean exchange field due to the misalignment between particles will also have a transverse field component.
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 improvement in the switching dynamics is caused by thermal fluctuations 共spin flips兲. Every thermally induced flip that happens at fields smaller than the switching field will add an
extra negative field to the applied field. It is natural that the
flipping probability decreases with exchange as shown by
Eq. 共5兲, but once a thermally induced flip happens, it drives
the system faster to the new equilibrium state.
To calculate the effects of temperature and exchange interactions on the switching dynamics, we use the mean-field
approach developed by Callen, Liu, and Cullen.10 We now
define the thermal average of the magnetic moment for noninteracting particles
m⫽ 具 cos  典 T ,

共6兲

and calculate the mean-field interactions by solving Eqs. 共2兲
and 共6兲 simultaneously. An analytical solution can be obtained graphically for g(  )⫽ ␦ (  ), as shown in Fig. 1共a兲.
We assume that Eq. 共6兲 provides a perfectly square demagnetizing branch of the hysteresis loop with the magnetization
o
⫽⫺1. Equation 共2兲 can be
switching at h e f f ⬅H e f f /H an
solved for m, which describes a straight line of slope 1/h ex
intercepting the h e f f axis at the applied field h app
o
⬅H app /H an
.

FIG. 1. Graphical solution of Eqs. 共2兲 and 共6兲. 共a兲 The straight
line is given by Eq. 共2兲 solved for m. Equation 共6兲 is approximated
here to a perfectly square demagnetizing branch. 共b兲 Equation 共6兲
described by the ME formalism, with the highest slope given by ␣ .
The lines corresponding to ␤ and ␥ relate to different values of the
normalized exchange field h ex ⫽H ex /H oan . The inset shows the solution of Eqs. 共2兲 and 共6兲 for different h ex values.
.

Depending on the value of h app , the line can intercept the
demagnetizing branch at one or more points. We are interested in the case when h app decreases to ⫺(h s ⫺h ex ), as
shown in Fig. 1共a兲. At this point, there are two possible solutions for m, but only m⫽⫺1 is stable since h app ⬍0. Noo
detice that the normalized switching field h s ⬅H s /H an
creases linearly with the exchange field amplitude, i.e., h s⬘
⫽h s ⫺h ex .
In a more realistic description of Eq. 共6兲, the demagnetizing curve is obtained by using a ME formalism.11,14 The ME
describes the occupation f of the magnetic moments between
the stable and metastable minimum states of the system.
These two states are defined by Eq. 共1兲 for each h app . The
rate at which f changes in time is then given by
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, 共7兲

where ⌬E i is the energy barrier for each minimum. The integration of Eq. 共7兲 for time-varying applied fields can be
obtained via a series expansion for small h app . 15 For large
h app , f can be obtained by assuming that h app varies step by
step. With this assumption, Eq. 共7兲 can now be integrated
exactly, since h app is constant during the integration 共measurement兲 time  m , giving
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where f o is the initial fraction 共before the step in h app ) and
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Equation 共8兲 can be used iteratively to generate the magnetization curve. For the particular case where  ⫽0, m
⫽2 f ⫺1. Once again, one can use the graphical construction
shown in Fig. 1共b兲 to obtain the solution of Eqs. 共2兲 and 共6兲.
The main difference is that the demagnetizing branch of the
hysteresis loop now has a finite maximum derivative angle ␣
at the switching point. If the exchange field is sufficiently
small, e.g., h ex ⫽1/tan ␤ as shown in Fig. 1共b兲, the line given
by Eq. 共2兲 will intercept the demagnetizing curve at only one
point for each h app . The inset in Fig. 1共b兲 shows that, in this
regime, the switching region narrows, but no change in the
switching field is observed. Therefore the squareness of the
demagnetizing curve is enhanced when compared to the noninteracting curve. In the limit where h ex →0, the noninteracting demagnetizing curve is restored.
For h ex ⬎1/tan ␣ , e.g., h ex ⫽1/tan ␥ as shown in Fig. 1共b兲,
the line can intercept the demagnetizing curve in more than
one point. The switching field is then redefined as the point
at which the line crosses the demagnetizing curve in more
than one point. This situation not only improves the squareness, but also forces the switching field to decrease as shown
in the inset of Fig. 1共b兲. This result is similar to the analytical
one described in Fig. 1共a兲.
A simulation of the thermal dependence of the switching
field for 0⭐h ex ⭐1 was performed using the ME formalism
and the mean-field approach with the following parameters:
M ⫽400 kA m⫺1 (400 emu cm⫺3 ), K⫽2⫻105 J m⫺3 (2
⫻106 erg cm⫺3 ), V⫽1.14⫻10⫺24 m3 共a cylinder 9 nm in
diameter and 18 nm thick兲,16  o ⫽10⫺9 s,  m ⫽0.1 s, 1000
points in the demagnetizing curve with ␦ h app ⫽0.003 and
⫺1.5⭐h app ⭐1.5. These parameters provided the anisotropy
o
⫽800 kA m⫺1 共10 kOe兲.
field H an
Figure 2共a兲 shows the thermal dependence of the normalized switching field for different values of h ex . For h ex
⫽0, the curve reproduces the thermal dependence of the
switching field for a set of noninteracting monodomain
grains aligned along the applied field. For this case, the
simulation provides an initial blocking temperature T ob of 798
K. The simulated curves of Fig. 2共a兲 were fitted using the
equation
h t⬅

Ht
o
H an

冋 冉 冊册

⫽h ot 1⫺

T
Tb



.

共11兲

Simulations for other values of h ex in the range 0⭐h ex
⭐1 were also fitted using Eq. 共11兲. The dependence of the

FIG. 2. 共a兲 Thermal dependence of the normalized switching
field h t for different values of the normalized exchange field h ex .
共b兲 Dependence of the normalized blocking temperature T b /T ob and
the switching field amplitude h to on the normalized exchange field
h ex given by Eq. 共11兲.

fitting parameters h t and T b /T ob on h ex is plotted in Fig. 2共b兲.
Here, the solid and dotted lines represent the graphical solution obtained using Fig. 1共a兲. The exponent  was found to
vary by 0.003 around a mean value of 0.509.
The results show that the exchange interactions, simulated
using the ME formalism, are in good agreement with the
predicted result of Fig. 1共a兲. This means that a square loop is
an excellent first approximation for the magnetizing curve at
T⫽0 K. The T b /T ob curve deviates from the square loop
prediction. This is due to thermally induced shearing of the
demagnetizing branch that produces a finite maximum slope
during the switching. From this result, we see that an external shearing component, e.g., out-of-plane anisotropies or
demagnetizing fields, can be reduced by the presence of exchange interactions. Additionally, we have seen that the exchange interactions improve the squareness of the noninteracting loop. The simulations also show that exponent  is in
agreement with the known prediction of  ⫽0.5 共Ref. 4兲 for
noninteracting grains aligned along the applied field.
The exchange interaction described in this model is a cooperative effect, i.e., it tends to align the magnetic moments
along the same direction. This effect leads to two important
consequences. First, it helps increase the energy barrier of
the system, which improves the thermal stability. This helps
explain the larger activation volume compared to the grain

012414-3

PHYSICAL REVIEW B 68, 012414 共2003兲

BRIEF REPORTS

size observed experimentally in perpendicular recording media. Second, exchange interactions enhance thermal fluctuation effects and destabilize the system more easily. This consequence has two implications on the recording media: a
narrowing of the width of the switching field distribution and
a reduction of the switching field amplitude. We have found
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theoretically that these results lead to analytic expressions
for the thermal dependence of the relaxation time and the
switching field in terms of the normalized exchange field.
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