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Micromagnetic simulations are used to evaluate the effect of thermal fluctuations on the performance of perpendicular BaFe media.
The write simulations are performed using a highly efficient particle micromagnetic solver running on graphics processing units. Thermal
effects are found to reduce the field required to write optimally the medium, in agreement with the decay of the medium mean switching
field with temperature. Thermal fluctuations also affect the system write performance: a broadband signal-to-noise ratio (BB-SNR) loss
of several decibels is observed for a recording temperature of 400 K compared to the 0 K case. The SNR correlates with the increase of the
written transition width and relates to the broadening of the medium switching field distribution at increasing recording temperatures.
The presented results are also relevant for understanding thermal effects in granular media used in magnetic recording.
Index Terms—Magnetic recording, magnetic tape recording, micromagnetic simulations, thermal fluctuations.

I. INTRODUCTION

M

AGNETIC tape storage is the technology of choice for
data backup and archive applications. With the explosion of digital data created each year, the need for such reliable
and cost-effective archival solution will continue to persist.
Today’s state-of-the-art tape-drive systems provide a storage
capacity of 4–5 TB per tape cartridge, corresponding to an
. The magnetic medium is parareal density of about 3
ticulate, consisting of a nonoriented assembly of barium ferrite
(BaFe) particles embedded in a polymer matrix [1]. Particulate
media are still preferred in tape systems because continuous
improvements in particle synthesis and coating technology have
maintained a sizeable cost advantage over evaporated or sputtered tape media [2], [3]. Recently, a recording density of 29.5
was demonstrated by using a perpendicularly oriented
) BaFe particles [4]. The compomedium with finer (1600
sition of the smaller BaFe particles was tuned to increase their
anisotropy constant K and thereby maintain a thermal stability
around 70 [5]. Maintaining
above 60
factor
is a well-known requirement in magnetic recording: it ensures
enough magnetization stability for long-term data retention in
spite of thermal fluctuations. However, thermodynamics still
impact the system performance during the write process. As
micromagnetic simulations for perpendicular recording media
have shown, thermal fluctuations degrade the quality of the
written transitions [6], [7] and, therefore, limit achievable areal
densities. Write errors induced by thermal fluctuations become
even more significant for recording schemes that include a
write assist mechanism [8].
In this work, we use micromagnetic simulations to
quantify the effect of the recording temperature on the
signal-to-noise-ratio of BaFe particulate tape media. The write
simulations are performed with a highly efficient particle micromagnetic solver that is described in Section II. The structure
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and magnetic properties of the 29.5
BaFe medium
were used in the calculations. Our results show that thermal
fluctuations impact significantly the recording performance of
the particulate medium. They should be properly accounted for
when assessing the recording limits of particulate media. The
presented results are also of direct relevance for understanding
the performance of granular media in magnetic recording.
II. PARTICLE MICROMAGNETIC SOLVER
Write simulations are performed using an efficient particle
micromagnetic solver, which is a derivation from the FastMag
simulator [9]. The solver solves the Landau–Lifshitz–Gilbert
equation for generally shaped particles assuming that they are
small enough so that their magnetization is essentially uniform.
The particles are introduced via a volumetric or surface mesh
and are represented by a single spin per particle. This representation produces the smallest number of unknowns, eliminates the need for computing exchange fields, and results in a
nonstiff system for time integration. The magnetostatic field is
computed by separating the interparticle interactions into nearand far-field components. The near-field components are computed by direct tensor superposition via double surface integrals for particles located within a prescribed (relatively small)
near-field distance between each other. The far-field magnetostatic interactions generated by the particles outside the nearfield distance are accounted for via the magnetic dipole approximation. The computation of the most time consuming far-field
components is accomplished using highly efficient implementations of the nonuniform grid interpolation method with the
computational complexity of O(N) [9], [10] or nonuniform FFT
method/adaptive integral method with the computational complexity of O(N log N) [11], where N is the number of particles.
The methods are implemented on massively parallel graphics
processing units (GPUs) with 100–200 speed-ups as compared
to the same methods implemented on central processing units
(CPUs). As an example, a single field evaluation for the case of
takes about 0.2 s on Nvidia GeForce GTX 680 GPU.
Thermal fluctuations are introduced as a stochastic thermal field.
III. PARTICULATE PROPERTIES AND RECORDING PARAMETERS
The particulate medium considered for this work follows the
BaFe medium [4].
structure and properties of the 29.5
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obtained by averaging three fast Fourier transforms (FFT) of
three different 16.2- -long readback waveforms [13], [14].
Two 8128-nm-long recorded media slabs are concatenated
end-to-end before calculating the readback signal. From these
signal spectra, we can evaluate the medium noise with reasonable statistics and extract the recorded signal amplitude and the
broadband signal ratio as a function of the write frequency and
recording temperature.
IV. RESULTS AND DISCUSSION

Fig. 1. Illustration of a, 8-long, 150-nm-wide, 70-nm-thick BaFe particulate media slab used in the write simulations. (a) Side view, (b) perspective
view.

Its three dimensional random structure is generated with Bulletpack, a custom made particle packing algorithm that mimics
the experimental fabrication process [12]. A dilute assembly of
particles is first created by random sequential addition and then
compressed using gravity-like forces and rigid-body dynamics.
During the compression stage (equivalent to the drying stage),
an out-of-plane orienting magnetic field is applied that exerts
a torque on the particles and allows controlling the degree of
perpendicular orientation of the medium [13]. The BaFe particles are hexagonal platelets with a mean volume of 1600
and a mean diameter to thickness aspect ratio of 3. The particles’ volume and aspect ratio distributions are Gaussian with
and
.
Fig. 1 shows the structure of a calculated medium. Its thickness (70 nm on average), its volume packing fraction (44%) and
its orientation distribution all match those of the experimental
medium [4]. The intrinsic in-plane and out-of-plane squareness
values are 0.24 and 0.89, respectively. The particles’ saturation
magnetization is 250 emu/cc. The crystalline easy axis is the
hexagonal axis of the platelets and the mean anisotropy constant is 1.5e6 erg/cc with a normal distribution characterized by
. These values are determined by reproducing
experimental hysteresis loops and remanence curves [13], [14].
Recording simulations are performed with the particle micromagnetic solver described above using 8128-nm-long and
150-nm-wide media slabs generated with different random
seeds. Each media slab comprises close to 23 000 particles. The
write head is moving at 10 m/s over the medium and record
periodic waveforms at 250 and 500 kfci. The writer has a ring
geometry with a 200-nm-long gap and its write fields are modeled using the Szczech approximation [15]. The head-media
spacing, d, is set to 24 nm. To simulate the finite rise time of the
write field, the deep-gap field changes with time, , according to

(1)
where is integer, is the signal period,
is the optimum
deep-gap field, and characterizes the switching rise time. For
.
all simulations presented here we used
Readback waveforms are calculated using the reciprocity
principle and double Karlqvist fields to approximate a shielded
magnetoresistive sensor [16]. The shield-to-shield distance is
100 nm and the head-media spacing is 24 nm. Eventually, signal
are
spectra with a resolution bandwidth of

First, the best write condition is determined for each
recording temperature T. Write simulations are performed at
.
250 kfci for increasing values of the writer deep-gap field
After FFT of the readback signals, the evolution of the signal
is obtained. Fig. 1(a) shows the
amplitude as a function of
resulting bell-shape curves for different recording temperatures
(from 0 to 400 K). The best possible write field is the one that
values remaximizes the signal output. Smaller and larger
sult in degraded field gradients at the written transition location
values, in incomplete writing of the
and, for the smallest
thick medium. Fig. 1(b) shows that the optimum deep-gap field
decreases with increasing the recording temperature. This
is expected and is related to the reduction of the medium mean
switching field with T.
The evolution of a medium coercivity with temperature (and
with T) can be described from
therefore the evolution of
Sharrock’s law [17], [18]
(2)
is the Boltzman constant,
is the attempt
where
frequency and in the exponent depends on the medium easy
axis orientation. For the imperfectly oriented medium consid[18]. In (2),
, is an effecered here, we assume
tive measurement time during which a stationary field is applied to the medium. During the recording process, the particles
in the medium rather experience a variation of field amplitude.
One could consider instead dynamic coercivity expressions for
a field sweeping at a constant rate R [19]–[21]. Feng and Visscher derived a general expression relating R and the switching
field [20]
(3)

with
and
. Using
(2) and (3), we obtain reasonable agreements for the evolution
with T for the fitting parameters
and
of
, respectively [see Fig. 2(b)]. The effective field rate
can be compared to the product of the writer effective field gra, times the tape velocity.
dients at the write location,
The effective field is
. For
Szczech head fields, at 1/2 the medium depth and for
, we calculate
is 6.9e6
. Multiplying by the
tape velocity gives a maximum expected field rate of 8e11 Oe/s
, which is close to the fitted R value. Note that (3) asat
sumes the effective field rate to be independent of the recording
(and
temperature, which is only an approximation as
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Fig. 3. 250 and 500 kfci signal spectra obtained from simulations performed
. Lines are signal roll-off fit
for a recording temperature
and noise spectrum fit
.

Fig. 2. (a) Signal amplitude at 250 kfci versus writer deep-gap field for difas a function of the
ferent recording temperature. (b) Optimum writer field
recording temperature. Black line is
calculated from Eq. (3) with
. Fine blue line is
calculated from Eq. (2) with
.

therefore
) is expected to decrease with the recording
temperature. The finite writer rise time is also expected to reduce the effective field rate R but its influence on the variation
with T is difficult to quantify.
of
Next, for each temperature, recording simulations are performed at different write frequencies using the optimum
value derived above. For each temperature, signal spectra at 250
and 500 kfci are obtained. Fig. 3 shows for instance the signal
spectra corresponding to recording at 300 K. The signal roll-off
and,
allows extracting the effective magnetic spacing
since the medium noise is dominated by particulate noise, a fit
of the noise spectrum gives the head-media spacing d [13], [14].
Thereby, we can derive the evolution of the transition parameter, a, as a function of the recording temperature [Fig. 4(a)].
Broadband signal-to-noise-ratios (BB-SNR), defined as the
signal power divided by the noise power integrated over 0 to
bandwidth, are also calculated as a function of the
0.01
recording temperature [Fig. 4(b)].
Thermal activation is found to significantly affect the medium
BB-SNR. The BB-SNR at 250 and 500 kfci decrease by 1 to 2
dB, when the recording reaches 400 K compared to a 0 K simulation. This change of BB-SNR is fully explained by a degradation of the written transition quality with T. Fig. 4(b) shows that
the transition parameter increases from 14 nm at 0 K to close
to 18 nm at 400 K. The variation of the parameter a versus T is
fairly linear and can be approximated by

(4)

Fig. 4. (a) Variation of the recorded transition parameter versus the recording
temperature T. Dots are simulation results and the line is a linear regression.
(b) Variation of BB-SNR values versus T. Symbols are simulation results and
the lines are predictions of the BB-SNR using, for the transition parameter, the
linear approximation of Fig. 4(a).

This approximation is used to calculate the continuous variation
of BB-SNR with T and write frequency in Fig. 4(b), by using
analytical forms of the signal roll-off [13], [14].
As pointed out already, the evolution of the transition parameter results from the broadening of the switching field distri, with temperature [6]. We wish to relate the
bution,
with the recording temperature. An anvariation of
alytical expression for
at different sweep rates has
been proposed for a perfectly oriented perpendicular medium
by Hovorka et al. [22]. Similar equation for an imperfectly oriented medium could be derived. Here, we use a numerical apas a function of T
proach based on (3) to calculate
and a constant field rate
.
with
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is found to increase almost linearly between 0.150
at 0 K and 0.158 at 400 K. Such variation of the switching field
distribution does not fully account for the observed increase in
transition widths. Assuming a constant field rate R appears to be
too crude an approximation to properly evaluate the broadening
of the switching field distribution during the write process and
thus to quantify a priori the variation of transition parameter at
nonzero temperature. A more refined model would be needed,
which includes the temperature variations of field gradient and
the finite writer rise time.
V. CONCLUSION
The effect of thermal fluctuation on the recording performance of a perpendicularly-oriented barium-ferrite particulate
medium was investigated using micromagnetic simulations.
The write simulations were performed with a highly-efficient
particle micromagnetic solver designed to run on GPU. Large
media slabs, containing 23 000 particles, were evaluated, which
allowed deriving signal spectra with meaningful statistics. The
optimum write field was found to decrease with the recording
temperature, which correlates with the reduction of the medium
mean switching field due to thermal fluctuations. The medium
BB-SNR was also calculated at different recording frequencies
and temperatures. A significant BB-SNR loss (several decibels)
was obtained at 400 K compared to the 0 K case. The loss of
SNR arises from an increase of the written transition width with
T. Thermal fluctuations were found to significantly impact the
recording performance of the particulate medium and should
therefore be properly accounted for when assessing the medium
limits. The obtained results are also relevant for understanding
the performance of granular media in magnetic recording.
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