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Abstract—We have characterized the magnetic reversal and thermal stability of bit-patterned media with a composite
structure of [Co (0.25 nm)/Pd (0.7 nm)]5 /Fe(X )/[Pd (0.7 nm)/Co (0.25 nm)]5 , where X = 1, 1.5, and 2 nm. For 25 nm
diameter islands separated by 35 nm, the average thermal stability of the islands is confirmed by analyzing the timedependent coercive fields. However, by further analyzing the time-dependent hysteresis loop shape, we find a broad
distribution of the effective energy barriers. We quantitatively show that this energy barrier distribution arises primarily from
the dipolar interactions in these densely packed arrays and not from intrinsic distributions.
Index Terms—Information storage, bit-patterned media, composite structures, dipolar interactions, energy barrier.

I. INTRODUCTION
Patterned magnetic structures are interesting due to their
unique physics and their promising applications particularly for
high-density magnetic information storage [Terris 2005, Engel
2005, Gallagher 2006]. Bit-patterned media (BPM) is a leading candidate to extend magnetic recording to densities beyond
those achievable by perpendicular magnetic recording on continuous granular media [Moser 2002, Kikitsu 2007]. A key issue
for exploiting patterned magnetic nanostructures is the ability to
reproducibly make structures that are thermally stable, can be
written at reasonable fields/currents, and exhibit uniform physical properties. For the implementation of BPM, the switching
field distribution (SFD) (i.e., the bit-to-bit variation of the coercive field) has to be sufficiently narrow to secure addressability
of individual bits.
The total SFD is due to both intrinsic and extrinsic contributions. The intrinsic part arises from local variation of individual
island properties, which depend on the uniformity on the intrinsic material variations of the magnetic thin-film media [Terris
2005] but is also influenced by lithographic irregularities of the
patterning process, such as island shape, size and spacing
[Hellwig 2010]. The extrinsic contribution is the result of interactions between the islands. For patterned structures, where direct
exchange is suppressed, the dominate interaction is expected
to be dipolar (i.e., magneto-static interaction of an island with its
neighbors) which for perpendicular anisotropy tends to broaden
the total SFD [Berger 2005] and is also expected to broaden
the distributions of the thermal stability parameters [Lubarda
2011a]. The extent to which interactions affect the SFD, thermal stability, and system performance, depends on the areal
density, materials properties and the architecture of the media.
In this paper, we quantify both the SFD and thermal stability
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distributions of high-density composite BPM. We further show
that the dipolar interactions obtained from the SFD analysis
quantitatively explains the thermal stability distributions.

II. EXPERIMENTAL PROCEDURE
The BPM samples were fabricated by patterning magnetic
films of the structure Ta (2 nm)/[Co (0.25 nm)/Pd (0.7 nm)]5 /
Fe (X )/[Pd (0.7 nm)/Co (0.25 nm)]5 /Pd (1 nm), where X has the
value of 1, 1.5, or 2 nm. The films were grown by dc magnetron
sputtering at 3-mTorr Ar pressure onto SiOx coated Si wafers.
We use the Fe layer thickness as a way to tune the anisotropy,
coercive field and SFD of the BPM samples. By placing the Fe
in the center of the stack, it is coupled at two surfaces and thus
we have greater variability of Fe thickness while maintaining
perpendicular remanence of the islands. This approach may
further reduce the intrinsic SFD as it decoupled the reversal of
the top and bottom multilayer structures. These samples are
patterned using a self-assembling polymer as a mask with the
magnetic film patterned by Ar ion milling as described in Kikitsu
[2007] and Wang [2011]. This allows patterning large surface
areas. Fig. 1 is a scanning electron microscope (SEM) image of
the sample, which has an average dot diameter of 25 nm with
a 35-nm pitch (corresponding to ∼0.5 Tbits/in2 ). While there
is no long-range order in the patterning, there is short-range
hexagonal order that reflects the self-assembly process (see
Fig. 1 inset). It is expected that the variations in the island size
and spacing will contribute to the intrinsic SFD [Hellwig 2010].
We used vibrating sample magnetometer (VSM) and polar
magneto-optic Kerr effect (P-MOKE) measurements to characterize the magnetic properties of the patterned arrays. We
used minor loop measurements to quantify the intrinsic SFD
and extrinsic interactions using the H(M, M) method [Berger
2005] and sweep-rate measurements to determine the energy
barriers [Chantrell 1993].
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Fig. 1. SEM image of patterned islands which determines the average
dot diameter of D = 25 nm and average spacing of S = 35 nm.

Table 1. Magnetic properties of patterned composite structure of
[Co/Pd]5 /Fe(X )/[Pd/Co]5 for three different Fe thickness.

III. RESULTS AND DISCUSSION
Fig. 2 shows the results of the out-of-plane magnetic measurements for the X = 1.5 nm sample. Table 1 further summarizes the results of the magnetization characterization for all the
samples. The samples show high out-of-plane remanence, and
coercive fields decrease with increasing Fe thickness (see Table 1). The major loop exhibits a broad transition during reversal,
where a derivative of this loop gives the total SFD [see Fig. 2(b)].
The width of the total SFD, σ(total) , is relatively insensitive to the
Fe layer thicknesses as seen in Table 1. To separate the intrinsic σ(intrinsic) contributions to the total SFD, we used the H (M,
M) method to analyze the minor loops shown in Fig. 2(a)
[Berger 2005]. This approach is an extension of the Tagawa
and Nakamura [1991] approach which has been shown to be
well suited for perpendicular recording media [Berger 2005] as
well as patterned media [Hellwig 2007, Tudosa 2012] as long as
interactions can be treated as a mean field. The functional form
of the distribution that we used to fit the intrinsic distribution is
the combination of two Gaussians
√

2σ1

er f −1 (M) √
er f −1 (M)
+ 2σ2
(1 + α M)
(1 + β M)

where α and β are parameters that account for potential asymmetric shapes of the curves [Hellwig 2007]. Fig. 2(b) shows the
extracted intrinsic distribution for X = 1.5 nm and compares it
with the corresponding total SFD. The values for the width of the
extracted distributions σ(total) and σ(intrinsic) for all three samples

Fig. 2. (a) Out-of-plane major and minor loops for a [Co/Pd]5 /
Fe(1.5 nm)/[Pd/Co]5 BPM sample measured by VSM (black points).
The thin solid red line is the calculated intrinsic hysteresis corrected for
the dipolar interactions, and the stars are the short-time-switching fields,
H0 , for all values of M/Ms . (b) Results of the H (M, M) method to
separate the intrinsic distribution (circles) from the total SFD (squares).

are given in Table 1. As the Fe thickness increases, the values
of HC and σ(intrinsic) decrease while σ(total) remains roughly constant at 1300 Oe. The fact that σ(intrinsic) is below σ(total) indicates
antiferromagnetic interactions between the islands consistent
with dipolar coupling. From the intrinsic distribution, we calculate the hysteresis loop in the absence of dipolar interactions,
which is shown in Fig. 2(a), indicating a rather narrow intrinsic
SFD. The difference between the intrinsic loop and the major
loop is the average dipolar interaction.
To determine the island thermal stabilities and thermal stability distribution, the major hysteresis loops were measured using
P-MOKE at four different magnetic field sweep rates R ranging
from 4 to 4000 Oe/s. Plotted in Fig. 3 is the time dependence
of the switching field at different M/M S values. To extract the
thermal stability parameters for the islands, the field sweep rate
dependence of the switching field was fitted (see Fig. 3) using
the Chantrell [1993] formula
⎡
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where f 0 is the attempt frequency of about 1010 Hz, the expo-
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Fig. 3. Time-dependent switching fields for a [Co/Pd]5 /Fe(1.5 nm)/
[Pd/Co]5 BPM sample at selected M/M S values. The solid lines are fit
to (1) yielding an effective energy barrier and short-time switching field.
The result for the short-time switching field is shown in Fig. 2(a), and
the energy barriers for all M/M S values are shown in Fig. 4.

nent n = 3/2 is used to account for possible incoherent reversal
processes that arise from the Fe layers [Bertram 2007], R is
the magnetic field sweep rate, HS (M/M S ) and H0 (M/M S ) are the
switching field and the short-time switching field at the given
M/M S value, respectively, and a = E B (M/M S )/k B T is the ratio
of energy barrier to thermal energy for the islands switching at
a given M/Ms . The results for E B (M/M S = 0) = K u V (the average island stability) and HC0 , extracted from the sweep-ratedependent coercive fields are given in Table 1. The HC0 values
like HC decreases as Fe thickness increases and this is due to
the reduction in the effective anisotropy of the system as the
thickness of the soft Fe layer increases. The intrinsic SFD as a
ratio of H0 is relatively constant as was recently seen in composite [Co/Pd]-[Co-Ni]-based BPM [Hellwig 2009]. The average
value of the energy barrier for the islands scales like H0 , with
the average energy barrier still stable for 2-nm Fe layers.
In addition to extracting the value of the average energy barrier measured at HC , we apply (1) to extract both H0 and E B
for various values of M/M S . Shown in Fig. 2 are the switching
fields for selected M/M S values for the descending branch of
the hysteresis loop (M/M S = 0 corresponds to HC ). As M/M S
decreases from 0.9 to –0.9, the switching fields increase, simply
reflecting the sheared hysteresis loop, in Fig. 2(a). The values
for H0 for all M/M S values are shown in Fig. 2(a) which is the
expected loop shape for fast times switching in the absence
of thermal excitations. Also shown in Fig. 3 are E B (M/M S ), the
energy barrier for island reversing at a given M/M S , which increases dramatically with decreasing M/M S . That is, the first
islands to reverse (near M/M S = 1) have a much lower effective E B compared to the last islands to reverse. This trend can
have two basic origins. The first is intrinsic, where the islands
with the lowest anisotropy and/or volume, and hence lowest E B ,
switch first. The second arises from interactions via the dipolar fields. For positive M/M S , the dipolar fields aid reversal and
therefore lower the effective E B . For negative M/M S , the dipolar
interactions oppose reversal and raise E B .
Fig. 4 shows the distribution of E B measured for the three
samples as a function of M/M S . As can be seen, there is a broad

Fig. 4. The distribution of energy barriers for [Co/Pd]5 /Fe(X )/[Co/Pd]5
BPM samples: (a) X = 1.0 nm, (b) X = 1.5 nm, and (c) X = 2.0 nm.
The squares show the measured values of E B for each M/M S value
that is determined from time-dependent hysteresis loops. The stars are
the calculated values (2) assuming no intrinsic distribution in E B .

range of E B values and this range increases with increasing
Fe thickness. For 1-nm Fe layers, the E B ranges from 150 to
250 k B T , while for 2-nm Fe this range increases to 20 to 300 k B T
more than an order of magnitude distribution in values of E B for
the range of M/M S values.
To quantify the role of the dipolar fields on the energy barrier
distribution E B , we need the average dipolar field at each M/M S
value given by Hd (M/M S ). This distribution can be extracted
from the field difference of the intrinsic loop and the measured
hysteresis loop in Fig. 2(a) at each M/M S . As might be expected
for a mean-field interaction, Hd is roughly linear with M/M S . We
give the ratio of Hd /(M/M S ) in Table 1 which increases with
increasing Fe thickness. Given Hd (M/M S ), we can estimate E B
for all M/M S relative to the mean value E B (0) (see Table 1)
using the Stoner–Wohlfarth model
⎡
⎛
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where we use the exponent n = 3/2 in correlation with (1).
Applying (2), we calculate the expected E B distributions
in Fig. 4 assuming no intrinsic E B distributions. As can be
seen, these calculations quantitatively agree with the measured
values showing that the origin of the distribution is driven
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primarily by dipolar interactions, at least for the dense packed
BPM with modest coercive fields studied here. Any intrinsic distribution in E B is small as compared to the distributions arising
from the dipolar interactions. We should note that this agreement does not depend on the specific choice of the exponent
n in (1) and (2) as long as the same n value is used in both
equations. While the quantitative values for H0 and E B do vary
by varying n, the calculated and measured energy barrier distributions are self-consistent.
The results in Fig. 4 show that the dipolar interactions can
have a dramatic impact on the thermal stability of patterned
media particularly for high-density patterns and relatively modest coercive fields. This may place limits on the coercive field
for BPM in relation to the dipolar fields or will require media
designs that limit the dipolar interactions. Examples include
antiferromagnetically coupled BPM [Ranjbar 2010] or capped
BPM, where a continuous capping layer is coupled to the BPM
[Lubarda 2011a, 2011b]. Micromagnetic models have shown
that the exchange interactions introduced through coupling with
a continuous capping layer can effectively offset the energy barrier distribution arising from dipolar interactions.

IV. CONCLUSION
We have studied the magnetic properties of patterned islands with a composite [Co/Pd]/Fe/[Pd/Co] multilayer structure.
By tuning the Fe thickness, we could tune the coercive field
while maintaining a narrow intrinsic SFD. The total SFD was
relatively independent of the Fe thickness. It was determined
that dipolar interactions mainly contribute to the broadening of
SFD. We extracted the thermal stability parameters for all values of magnetization and show that while the average energy
barrier may be stable, dipolar interactions can result in large
distributions in the effective energy barriers.
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