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Magnetic data storage is pervasive in the preservation of digital information, and the rapid pace of
computer development requires ever more capacity. Increasing the storage density for magnetic
hard disk drives requires a reduced bit size, previously thought to be limited by the thermal
stability of the constituent magnetic grains. The limiting storage density in magnetic recording is
investigated treating the writing of bits as a thermodynamic process. A “thermal writability” factor
is introduced and it is shown that storage densities will be limited to 15 to 20 TBit/in® unless
technology can move beyond the currently available write field magnitudes. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.3691196]

As a technology, magnetic recording has been in exis-
tence since the invention of magnetic tape recording in the
1920s and 1930s. Since the early 1980’s, and the introduc-
tion of metallic thin film recording media, the industry has
seen a rapid increase in storage density up to the TByte stor-
age available in today’s Personal Computer (PC) hard drives.
Because technology has kept pace with demand, magnetic
information storage is now ubiquitous. Having been around
for some 60 years, magnetic recording is running into diffi-
culties imposed by physical limitations.

A previous study of the possible limits of recording den-
sity was made by Charap e al." This study predicted an
upper limit of 36 Gb/in® and, remarkably, current technology
has already achieved densities over one order of magnitude
beyond this value. The reason for this lies in advances in the
“non-magnetic” aspects of recording technology, including
error detection and correction and the mechanical actuator
systems used to position the read and write sensors, which
were not anticipated by the authors of Ref. 1. The question
is, does there exist a physical upper limit to record density
which cannot be exceeded by improved technology? Here,
we argue that the limitation is essentially determined by the
maximum tolerable bit error rate (BER) and certain material
parameters which, critically, includes the saturation magnet-
isation of the recording medium.

Magnetic recording relies on the storage of information
on media comprised of grains of a material with a high mag-
netocrystalline anisotropy. The grains can be considered as
bistable systems capable of representing bits of information
in terms of the polarity of the grains. Stability of the informa-
tion is provided by an anisotropy energy barrier KV, where K
is the anisotropy constant and V' the grain volume. It has long
been realised that the phenomenon of “superparamagnetism”
(SPM) defines the upper limit thermal stability of magnetic
materials.” In the case of magnetic recording, information
should be stable for at least 10 years, which leads to an estab-
lished criterion of KV /kT > 60 for media design.
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Future advances in magnetic recording density will have
to circumvent the magnetic recording trilemma.’ The key
component of the trilemma is the necessary reduction in
grain size for signal to noise reasons. For thermal stability,
the anisotropy energy must therefore increase to a point
where conventional recording heads are unable to write the
medium. Heat assisted magnetic recording (HAMR) (Refs. 4
and 5) is a potential mechanism to solve this problem, by
heating the material to the vicinity of its Curie point, where
the anisotropy is low, writing the data, and then cooling back
to the storage temperature of the medium. In the following,
we show that under this scenario the fact that the applied
field is greater than the coercivity of the medium is an insuf-
ficient criterion: thermal fluctuations in the material itself
lead to write errors. In fact this is a general problem for all
small magnetic elements, ultimately that the recording pro-
cess must be thermodynamically favourable to be reliable,
and so it is the thermal writability that determines the ulti-
mate limits of magnetic recording. We specifically address
the problem of the ultimate recording medium, which is
likely to consist of a combination of bit patterned media and
HAMR, although the underlying physics is equally applica-
ble to normal HAMR.

We proceed by calculating the bit error rate induced by
thermal fluctuations during the write process. Consider the
ultimate recording system in which one magnetic grain is
sufficient to store a binary “1” or “0”. Our approach is to
consider the equilibrium magnetization m, in the recording
context. In conventional recording, there are a number of
grains per bit so m, has the meaning of an ensemble average
magnetisation. Here, values of m, less than unity represent
the probability of a non-reversed grain in a bit, which gives
rise to a dc noise. Consider now the situation of recording
one bit of information per grain. Since we are now dealing
with individual grains, m, must be interpreted differently; in
terms of the probability py, that the magnetisation is
switched into the correct state by the field during the attempt
to write the information, specifically, pg, = (m,+1)/2.
Since the bit error rate is essentially the probability of
wrongly recording the bit, we have simply that

© 2012 American Institute of Physics
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BER =1 — pgy, = (1 —m,)/2. Considering for simplicity,
the case of a system with perfectly aligned easy anisotropy
axes, using a master equation approach it can be shown that
the thermal equilibrium magnetisation is given by

H
m, = tanh (,Uﬂo ), (D

kT

where yt = M,V is the magnetic moment of the grain with M
the material saturation magnetization and V the particle vol-
ume. Equation (1) represents the ensemble-averaged magnet-
isation of a collection of grains or the time-average
magnetization of a single grain. The physical importance of
Eq. (1) is that, if the system is left for an infinite time in an
applied field, the best case is to achieve the thermal equilib-
rium value for the magnetization. Consequently, for low val-
ues of & ZLOTH the equilibrium magnetization can be much less
than 1, which is realised for small particle volumes or ele-
vated temperatures. By rearrangement of the equivalent ex-
ponential form of Eq. (1) and applying the relevant limit of
il 5. 1, we have the result that

kT
1—m, 2ptoHr
BER — 2m'_exp<—L), )

kT

where H,, is the field available from the write transducer.
Physically, Eq. (2) represents the fact that, given sufficient
energy to overcome the energy barrier, the energy difference
between the parallel and anti-parallel states depends only on
H,, and is independent of anisotropy. Equation (2) introdu-
ces a new factor in the writability of stored information. The
writability is normally considered in terms of the field
needed to switch the magnetisation. However, it is clearly
necessary, in addition, to maintain a large value of
UptoH, /KT in order to avoid thermally driven switching fail-
ures and to achieve the required BER; we define this as the
thermal writability of the medium. We note that large values
of moment are required in order to maintain a low anisotropy
field to assist switching. However, the thermal writability is
a new requirement beyond that of achieving switching within
the usual trilemma.

Bit error rate requires large
uuyH/kg T and maximum M,

Thermal Stability
requires

Writability requires KVikyT> 60

write assist and
maximum H,,

High density requires small
grains

FIG. 1. (Color online) Schematic of the “quadrilemma” of magnetic record-
ing. The decrease of grain volume requires an increase in the anisotropy con-
stant K for thermal stability and also maximisation of the saturation
magnetisation M, to ensure thermal writability.
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Hence, the design of ultra-high density recording techni-
ques is a quadrilemma, shown schematically in Fig. 1, rather
than a trilemma which underlies current media and system
design. In addition to decreasing the volume of the bits and
increasing K (thereby leading to the requirements for write
assist), the value of M must remain high in order to maintain
writability as the grain size decreases. A further factor is the
nature of the role of the write field. It is known to be impor-
tant to keep the write field as large as possible, and generally
speaking this is considered to result from the need to lower
the energy barriers sufficiently to switch the magnetisation.
However, our model suggests that increasingly large fields
are important in maintaining a tolerable BER because of the
requirement for thermal writability.

In order to evaluate the likely achievable areal densities,
we proceed from Eq. (2). Solving for the volume and assum-
ing that the areal density (AD) is given approximately by
V=230, where o = 0.5 is the areal packing fraction of the
storage islands, it is straightforward to show that

2MuoH "
D = L‘”’;l o. 3)
kTIn[(BER) ']

Note that the areal density is now determined by two condi-
tions. First, it cannot be larger than determined by the ther-
mal  stability ~ criterion,” KV /kT > 60. Using the
approximation AD = V~2/3q, this gives

K \23
D= (=) 4 4
i <60kT> * “)

Second, the AD must also be less than the value determined
by the allowed BER, given by Eq. (3). Consequently, the
achievable areal density is the minimum of AD, and the
value is determined from Eq. (3).

As an illustrative example, Fig. 2 shows the calculation
of areal densities for the (reasonable) case of a write field

o M, =12x10°A/m
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FIG. 2. (Color online) Calculated areal density (AD) as a function of the tol-
erable bit error rate. Symbols show the results for the non-heat assisted case,
and the solid lines are calculated under the assumption of a heat-assist with
a write temperature 7, = 740 K and a Curie temperature 7, = 750 K. Cal-
culations are given for values of the saturation magnetisation of 12 and
6 x10° A/m at 0K. The maximum (stability limited) values of areal density
(AD/;) are shown for FePt and SmCos, with anisotropies of 1 x 107 and
1 x 10® J/m?® respectively. For a given BER, the achievable value of density
is the minimum of AD and AD;.
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UoH,,» = 1 T. Values of AD,; are shown for FePt and SmCos,
two high-K materials. Consider first the case of no heat
assist. The conclusion from these calculations is that very
large areal densities are possible, but that the BER needed to
achieve maximum density increases with decreasing M,
which becomes an important factor in the quadrilemma now
seen to govern media and system design. Taking first FePt,
with a value of M, =12 x 10° A/m the AD, value is
achieved with a BER of 10~°, consistent with today’s tech-
nology. However, for a value of My = 6 x 10° A/m, the AD,;
value requires a significant increase of BER to around
3 x 1075, Increasing the anisotropy value imposes even
more stringent requirements on the BER. Here, calculations
are given to a limiting value of BER = 1072, which would
present an enormous technical challenge. For the AD,, value
corresponding to SmCos, achieving the maximum areal density
requires a BER value of 7 x 10~* for M, = 12 x 10° A/m.
For M; = 6 x 10° A/m, AD,, cannot be reached; the areal
density is limited by the BER (assuming that the highly chal-
lenging figure of 1072 is achievable) to about 51 TBit/in’.
These figures suggest that extremely high densities are
possible with magnetic recording. However, if one takes
account of the fact that heat assist is expected to be necessary
to write on high anisotropy media a different picture appears.
To extend the calculations to HAMR, we introduce the tem-
perature dependence of M using the approximation proposed
by Arrott,’

M,(T) = My(T = 0)(1 — (T/T.)")"”, 5)
with T, the Curie temperature of the material, giving

M, (T pigHor |
- (Tttt} (©)
KT, In[(BER) ™"

with T, the writing temperature, as the BER limited areal
density for heat assisted recording. In Fig. 2, results are
included assuming a heat assist with a temperature of T,
=740 K and T. =750 K. It can be seen that there is a
dramatic reduction in the BER limited areal density, and
that the thermal stability limit even for FePt is not reached.
The results for the case with heat assist are, of course, the
most realistic since some form of write-assist is necessary
for recording on high anisotropy media and heat assistance
is seen as the most likely solution. The important finding
of the current work is that heat assist transforms the areal
density 60 kT from being thermal stability limited to BER
limited, leading to much lower limiting values.

Our findings indicate that the reduction in grain volume
has not one but two important consequences. The first of
these is the thermal stability requirement which leads to the
necessity of large K values and the resultant problems with
writability and the well-known “trilemma” for media design.
However, the reduction in grain volume also lowers the
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value of uuyH,,/kT, which must be compensated for by
increasing the value of the saturation magnetisation M;. Con-
sequently, recording media design in fact becomes a
“quadrilemma” (see Fig. 1). Thus, the future of magnetic re-
cording requires moving to a new paradigm in which the
thermal writability introduced here is treated on an equal
footing to the conventional writability, which is essentially
the requirement of a sufficiently large field to switch the
magnetisation state.

In summary, we present arguments which suggest that
the areal density of magnetic recording is likely to be limited
by the achievable BER due to purely thermodynamic effects.
The theoretical approach suggests that the optimisation of re-
cording density must be considered as a quadrilemma includ-
ing the requirement of maintaining a saturation magnetisation
sufficiently large to ensure writability. Our calculations sug-
gest that between 15 and 20 TBit/in> may be achievable with
heat assisted writing. It should be noted that the calculations
are sensitive to the temperature to which the system is heated.
Consequently, the thermal writability should be considered as
an important factor in the optimization of HAMR. We also
stress that the calculations given here are strictly applicable
for the ultimate recording system comprised of bit patterned
media with HAMR. However, the underlying physics of ther-
mal writability is also a limiting factor in HAMR although its
formulation is more complex.

Finally, we note that the calculations given here are
made under the assumption of a write field of 1T, which is
realistic for the inductive technology used in today’s write
transducers being limited by saturation magnetization. How-
ever, it is clear from the expressions given here that a signifi-
cant increase in write field would greatly extend magnetic
recording technology. The discovery of optomagnetic rever-
sal,* which generates effective fields significantly higher
that inductive technology, suggests that novel approaches
may be possible. Certainly some means of generating
increased writing fields are necessary in order to overcome
the thermal writability problem as densities increase.
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