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A R T I C L E I N F O

Keywords:
Heat-Assisted Magnetic Recording
Heated Dot Magnetic Recording
Magnetisation switching
Bit error rate

A B S T R A C T

We investigate the dynamical switching process of Heat Assisted Magnetic Recording (HAMR) by numerical
calculations of switching probability using an atomistic model. Calculations show that at the elevated
write temperature of HAMR there is a loss of information arising from ’backswitching’: a thermodynamic
phenomenon which comes into play when the ratio of the Zeeman energy to the thermal energy is insufficiently
large to completely stabilise the switched direction. We consider the special case of Heated Dot Magnetic
Recording, where a reduction of switching probability can be related to a bit error rate. We show that the
backswitching becomes more pronounced at faster write times. Also, we show that in the case of current
recording media, based on the binary alloy FePt, backswitching will be a more stringent limitation on recording
density than the usually assumed thermal stability criterion.

1. Introduction

Magnetic recording, still the dominant technology for cloud stor-
age, advances by continuous increases in recording density achieved
by scaling down the grain size. This results in the famous magnetic
trilemma [1], which recognises that the required increase in magnetic
anisotropy, resulting from the need to ensure thermal stability of the
magnetisation, must result in switching fields beyond the limits of
inductive technology. The solution is Heat Assisted Magnetic Recording
(HAMR) [2,3], based on highly anisotropic media heated up via a laser
pulse during the writing process. The heating lowers the switching field
to writeable levels, after which reduction in temperature to ambient
levels restores the anisotropy and the thermal stability. Consideration
of the elevated temperatures achieved in HAMR has led to an additional
factor in the media design process, leading to a ‘quadrilemma’ [4,5].
This recognises that at elevated temperatures there is a probability of
‘backswitching’ when the energy difference between the states parallel
and anti-parallel to the switching field is too small to ensure stability
of the switched state. The fourth aspect of the quadrilemma introduces
a ‘thermal writability’ factor: essentially a requirement that the ratio
𝑀𝑠𝑉 𝐻𝑤𝑟∕𝑘𝑇𝑤𝑟, with 𝑀𝑠 the saturation magnetisation, 𝑉 the grain
volume, and 𝐻𝑤𝑟, 𝑇𝑤𝑟 the writing field and temperature respectively,
is sufficiently large to avoid backswitching.

Heated dot magnetic recording media (HDMR) is perhaps the ul-
timate recording medium, combining Bit Patterned Media (one single
grain used per single bit) and HAMR. In the case of HDMR one can
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easily define a bit error rate (BER), which is given by the probability of
bits that have not reached the desired orientation of the magnetisation
due to thermal fluctuations. Specifically,

𝐵𝐸𝑅 = 1 − 𝑃0, (1)

where 𝑃0 is the switching probability. Ultimately, the maximum areal
density possible to obtain via HDMR technology will be governed by the
minimum BER that can possibly be achieved during reversal. Here we
show that the minimum BER is given by thermal backswitching which
is strongly dependent on the grain size and the write speed. We note
that the BER calculated here is the ‘raw’ BER which is thermodynami-
cally limited. However, in practice the actual BER is much larger due to
the use of sophisticated coding schemes which determine the minimal
tolerable BER: a factor beyond the scope of the current paper. In the
following we will use BER to denote the raw bit error rate. Here we
consider only the case of single grain FePt media. Suess and Schrefl [6]
have extended the work of Ref. [4] to take account of more complex
media, such as the exchange spring structure, finding that such designs
can overcome the thermal writability at least under the assumption of
thermal equilibrium magnetisation states. A further article [7] extended
the calculations to bilayer structures of high 𝑇C/ low 𝑇C layers, again
showing an improvement of achievable areal densities, using a realistic
calculation of HAMR and a constant width of temperature pulse. Here
we investigate a simplified experiment involving calculation of the
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Table 1
Parameters used for simulating FePt.

Quantity Symbol Value Units

Nearest-neighbours exchange 𝐽𝑖𝑗 6.71 × 10−21 J
Anisotropy energy 𝑘𝑖 2.63 × 10−22 J
Magnetic moment 𝜇𝑆 3.23 𝜇𝐵

Thermal bath coupling 𝜆 0.05
Applied field 𝐵 1 T
Lattice spacing 𝑎, 𝑐 2.73, 3.85 Å

switching probability and extend the calculations to small grain diam-
eter.We restrict our calculations to an ideal case of HDMR, where all
grains are identical, interactions between bits are negligible and there is
no thermal destabilisation of the information between nearby bits. We
also neglect magnetostatic interactions, since during the writing process
at temperatures close to Tc, the magnetisation of the system is very
small, hence the magnetostatic interactions are negligible compared to
the applied static field. Our calculations investigate if small grain sizes
(3 nm−5 nm) are physically feasible for HDMR, however the possibility
to engineer technologies that, for example, deal with such small heating
spot sizes goes beyond the scope of the current work.

It is important to note that in Refs. [4,5] it is assumed that the
timescale of recording is sufficiently long for the magnetisation to
achieve thermal equilibrium during the recording process. Here, we
consider HAMR as a dynamic Field-Cooled Magnetisation (FCM) pro-
cess using simulations based on an atomistic model [8] using the
VAMPIRE [9] package. The dynamical switching probability and the
subsequent bit error rate is explored for the FePt system, which is
already the main candidate for HAMR. A possible alternative to FePt
is NdFeB due to its large anisotropy. NdFeB is a permanent magnet
used extensively due to its wide range of applications in the automotive
and electronic industry or even in the medical sector [10], with the
potential to target the global climate crisis by enabling its utilisation
in electric vehicles and low carbon methods of power generation. The
employment of NdFeB in HAMR applications is limited by the capacity
of the mass-production of this media. Experimental investigation on
how NdFeB can be produced for HAMR applications have been recently
shown [11]. These studies suggest that NdFeB can be potentially used
as an alternative for FePt based HAMR. NdFeB is also a good candidate
to tackle the magnetic quadrilemma, since the BER is affected by the
saturation magnetisation, which is larger for NdFeB than FePt. We
show that the switching probability and consequent BER is strongly
dependent on the cooling rate. This is illustrated using a simple semi-
analytic model. Switching probability is shown to be determined by
the time during the cooling process between the Curie temperature 𝑇C
and the magnetic blocking temperature, which is of the order of tens
of picoseconds at maximum.

2. Computational model

The general formulation of atomistic spin models [8] employs a
lattice of fixed length atomic spins on a regular lattice, interacting via
a spin Hamiltonian of the form:

 =
∑

𝑖<𝑗

𝐽𝑖𝑗�̂�𝑖 ⋅ �̂�𝑗 +
∑

𝑖

𝑘𝑖�̂� ⋅ �̂�𝑖 − 𝜇𝑠
∑

𝑖

𝐇 ⋅ �̂�𝑖, (2)

where �̂�𝑖, �̂�𝑗 are unit vectors describing the direction of local moments
𝑖, 𝑗, 𝐽𝑖𝑗 is the Heisenberg exchange interaction between neighbouring
spins, 𝜇𝑠 is the atomic spin moment and 𝐇 is the externally applied
magnetic (induction) field. The second term represents the (uniaxial)
anisotropy contribution with an easy direction �̂� and magnitude 𝑘𝑖.

The dynamics of each individual spin is obtained by integrating the
Landau–Lifshitz–Gilbert (LLG) equation of motion:

𝜕�̂�𝑖

𝜕𝑡
= −

𝛾

1 + 𝜆2
[�̂�𝑖 ×𝐇𝐞𝐟𝐟 + 𝜆�̂�𝑖 × (�̂�𝑖 ×𝐇𝐞𝐟𝐟 )] , (3)

where 𝜆 controls the damping and represents the coupling of spins to
a heat bath through which energy can be transferred into and out of
the spin system. 𝐇𝐞𝐟𝐟 is the effective field acting on each spin obtained
by differentiating the Hamiltonian (Eq. (2)) with respect to the atomic
spin moment and accounts for the interactions within the system. Finite
temperature effects are included under the assumption that the thermal
fluctuations are non-correlated and hence can be described by a white
noise term. This is expressed as a Gaussian distribution in 3 dimensions
whose first and second statistical moments of the distribution are:

⟨𝜉𝑖𝛼(𝑡)⟩ = 0, (4)
⟨
𝜉𝑖𝑎(𝑡)𝜉𝑗𝑏(𝑡

′)
⟩

=
2𝜆𝑘𝐵𝑇

𝜇𝛾
𝛿𝑖𝑗𝛿𝑎𝑏𝛿(𝑡 − 𝑡′), (5)

where 𝑖, 𝑗 label spins on the respective sites, 𝑎, 𝑏 = 𝑥, 𝑦, 𝑧 are the vector
component of 𝜉 in Cartesian coordinates, 𝑡, 𝑡′ are the time at which the
Gaussian fluctuations are evaluated, 𝑇 is the temperature, 𝛿𝑖𝑗 and 𝛿𝑎𝑏
are Kronecker delta and 𝛿(𝑡− 𝑡′) is the delta function. Eq. (4) represents
the average of the random field, whilst Eq. (5) gives the variance of the
field, which is a measure of the strength of its fluctuations. The thermal
contribution is added to 𝐇𝐞𝐟𝐟 at each timestep.

3. Results

3.1. Heated dot recording media: FePt and NdFeB

To model the heated dot experiments we apply a temperature pulse
that is Gaussian in time and a negative out-of-plane magnetic field of
𝐵 = −1 T (Fig. 1, left panel, right axis). The temporal variation of
the temperature pulse is a Gaussian of width 𝜎 = 𝑡𝑝, centred around

3𝜎 (3𝑡𝑝) and is defined as 𝑇 (𝑡) = 𝑇𝑚𝑖𝑛 + (𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛) exp

(
−(

𝑡−3𝑡𝑝

𝑡𝑝
)2
)
,

where 𝑡 represents the time, 𝑡𝑝 represents the pulse width and 𝑇𝑚𝑖𝑛,𝑚𝑎𝑥
the minimum and maximum temperature of the pulse. Under the effect
of thermal fluctuations, the system will be demagnetised (Fig. 1, left
panel, left axis), hence the anisotropy field of the system will decrease.
This will allow the magnetisation to reverse in a smaller magnetic field,
such as 𝐵 = −1 T. By repeating the experiment for an ensemble of 50
identical grains with different thermal field random seeds, we observe
that there are grains for which the magnetisation is not switched, even
in a negative field of 1 T (Fig. 1, right panel). This is the physical
manifestation of the backswitching phenomenon. The grains that have
not switched lead to a non-zero bit error rate.

The switching mechanism at high temperatures can be understood
by analysing the energy barrier schematics in Fig. 2. In the absence
of an applied field, for an uniaxial anisotropy there are two equal
energy minima, as shown in Fig. 2, left panel. In this case, under the
influence of large thermal excitation, the magnetisation can be in either
positive or negative orientation, as the thermal energy is sufficient for
the system to cross from one energy minimum to another. Under the
application of a negative field, Fig. 2, right panel, the energy barrier
from the positive to the negative magnetisation is lowered hence the
system’s magnetisation can cross to the negative magnetisation energy
minimum. This minimum corresponding to the negative magnetisation
has the lowest energy, hence the system’s magnetisation will prefer
to stay in this orientation. However for high temperature pulses, the
thermal energy can be sufficiently high for the system to make a
crossing of the energy barrier back to the positive magnetisation energy
minimum, even if the energy difference from the negative to the
positive orientation is larger than in the opposite direction. If the
system is then cooled sufficiently fast (as in the case corresponding to
narrow temperature pulse widths) the system will remain blocked in
the energy minimum corresponding to the positive orientation of the
magnetisation, anti-parallel to the direction of the applied field; this
can lead to a non-zero bit error rate.

We next calculate via atomistic simulations of HDMR the switch-
ing probability (defined as the ratio between how many grains have
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Fig. 1. Example of heated dot magnetic simulations for a temperature pulse width of 200 ps and a maximum temperature of 𝑇𝑚𝑎𝑥 = 700 K in an out-of-plane magnetic field of
𝐵 = −1 T for two FePt cylindrical grain of 3 nm × 3 nm × 5 nm; The left panel shows the temperature profile during the simulation (orange—right axis) and the total magnetisation
(green/black—left axis). The right panel shows the z component of the magnetisation. For the same simulation conditions, with a different sequence of pseudo-random numbers,
either a switched or not-switched state can be obtained—right panel.

Fig. 2. Schematics of energy barrier without an applied field (left panel) and with an applied field (right panel).

Fig. 3. Switching probability calculations for FePt (black points) and NdFeB (green points) for 50 cylindrical grains of 5 nm height. The switching probability is calculated for
varying maximum temperature of the heat pulse 𝑇𝑚𝑎𝑥 normalised by the Curie temperature 𝑇C of individual materials and system size. The temperature pulse width is 200 ps.

reversed against the total number of grains) for different temperature
pulses. By varying the maximum temperature of the pulse (𝑇𝑚𝑎𝑥) we
can obtain the switching probability curves for specific pulse widths.
The systems we model are represented by cylindrical grains of 5 nm
height and varying diameter (3 nm to 5 nm). The model used for FePt
is based on that developed by Mryasov et al. [12] and used in previous
work [13], the model parameters being presented in Table 1. The
FePt Hamiltonian includes just nearest neighbour exchange interaction
which gives a Curie temperature of about 720 K for a bulk system.
The atomistic model of NdFeB using parameters given in Ref. [14],
where the temperature dependence of the magnetic properties has been
investigated. Further details of the model are given in Ref. [15,16]. The
magnetic Hamiltonian used for NdFeB contains exchange interactions
between the Fe–Fe and Fe–Nd sites, the B atoms being considered non-
magnetic and the interaction between Nd sites being negligible. The
very large anisotropy of NdFeB (≈17 T) comes mainly from the Nd
sites [17] and considers second and fourth order uniaxial anisotropy
contributions, the Fe sites contributing only weakly to the overall
anisotropy. The Curie temperature is lower in the case of NdFeB at ≈585
K.

Fig. 3 shows the switching probability for both FePt and NdFeB
HDMR, calculated for 50 non-interacting grains with a temperature

pulse width of 200 ps. The dimensions of the grain varies from 3 nm
to 5 nm in diameter. The height of the grain is kept constant at
5 nm size. Since NdFeB and FePt have different Curie temperatures,
to be able to compare the switching probabilities of the two materials,
the maximum temperature of the pulse has been normalised by the
Curie temperature 𝑇C of individual materials and system size, shown in
Table 2. The Curie temperature has been extracted from the equilibrium
susceptibility calculated numerically via Monte-Carlo simulations with
a temperature resolution of 10 K. The susceptibility has been interpo-
lated via a quadratic function, that takes into account in total 9 points
for the interpolation. We observe in Fig. 3 that in the case of FePt,
the switching probability is always lower than 100% and its saturation
value decreases with decreasing diameters. However, NdFeB has an
increased switching probability even for small system sizes, suggesting
that it could be more suitable for HDMR. By investigating how we
can improve the switching probability in FePt in Section 3.2, we show
that increased saturation magnetisation helps to overcome the thermal
writeability problem of the quadrilemma. Hence, we can conclude that
in the case of NdFeB, the decreased BER is a consequence of the larger
saturation magnetisation.
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Fig. 4. Curie temperature as a function of grain diameter for FePt (left panel) and NdFeB (right panel). The black line shows the fit to the finite size scaling law
𝑇𝑐 (𝐷) = 𝑇∞

𝑐

[
1 − (𝑑0∕𝐷)1∕𝑎

]
from Ref. [18]. The fitting parameters are 𝑇∞

𝑐
= 696.5 K, 𝑑0 = 0.46 nm, 𝑎 = 0.7 for FePt and 𝑇∞

C
= 562.2 K, 𝑑0 = 1.13 nm, 𝑎 = 0.43 for NdFeB.

Table 2
The Curie temperature of FePt and NdFeB for different grain diameters.

D (nm) 𝑇C (K), FePt 𝑇C (K), NdFeB

3 647 504
4 667 535
5 675 545

Fig. 4 shows the variation of the Curie temperature as a function of
the grain diameter 𝐷 extracted from the interpolation of the equilib-
rium magnetic susceptibility. The curves have been fitted to the finite
size scaling law 𝑇𝑐 (𝐷) = 𝑇∞

𝑐

[
1 − (𝑑0∕𝐷)1∕𝑎

]
from Ref. [18], where 𝑇 𝑐∞

represents the Curie temperature that would be obtained for 𝐷 → ∞

(in this case a thin film system of thickness 5 nm), 𝑑0 is related to the
unit cell size and 𝑎 represents the critical scaling exponent. For FePt,
the scaling exponent 𝑎 = 0.7 obtained from the fit is comparable to
Ref. [18] (𝑎 = 0.79), slightly lower in value presumably due to the
5 nm thickness of the systems modelled here. Interestingly, we observe
that in the case of FePt the exponent 𝑎 is larger than in the case of
NdFeB, suggesting stronger finite size effects in both the magnetisation
and the BER. Note that for the switching probability calculations, when
normalising the pulse temperature to 𝑇 𝑐, we use the numerical values
calculated for the specific system sizes, rather than the fitted curve.

To systematically analyse the BER, we can fit the switching prob-
ability plots to a cumulative distribution function (CDF) defined as:

𝑓 (𝑥) =
𝑃0

2

(
1 + erf

(
𝑥 − �̄�

𝜎
√
2

))
(6)

erf(𝑥) =
2

𝜋 ∫
𝑧

0

exp (−𝑡2)𝑑𝑡, (7)

where 𝑃0 is the maximum switching probability, 𝜎 defines the width
of the transition and �̄� the mean transition temperature. In the ideal
case, the maximum switching probability parameter should be 𝑃0 =

1 (100%) and the transition should be abrupt, hence 𝜎 = 0 K. In reality,
thermal and finite size effects lead to a relatively wide transition 15 K–
30 K and switching probability less than unity. An example of fitting
the switching probability calculations via the cumulative distribution
function is shown in Fig. 5 (left panel). After the fit, the BER can be
then calculated from the switching probability via Eq. (1), where 𝑃0 is
obtained by fitting to Eq. (6).

Fig. 5 (right panel) shows the BER as function of the system di-
ameter for both FePt and NdFeB. The BER for NdFeB is considerably
smaller than in the case of FePt suggesting that NdFeB could be
more successfully used in HDMR. Since NdFeB has higher saturation
magnetisation and lower Curie temperature than FePt, we can expect
that these magnetic properties might influence the switching.

3.2. Improved switching probability in FePt

Evans et al. [4] have suggested that the BER can be expressed in
terms of the equilibrium magnetisation 𝑚𝑒 as 𝐵𝐸𝑅 = 0.5(1 − 𝑚𝑒). Via
the Master equation, the BER for a system with perfectly aligned easy
axis is given by:

𝐵𝐸𝑅 = exp

(
−2

𝑀𝑆𝑉 𝜇0𝐻𝑤𝑟

𝑘𝐵𝑇𝑤𝑟

)
(8)

Eq. (8) is derived in thermal equilibrium, which is not the case of
HDMR calculations, since HAMR is an intrinsically dynamical process.
However in the first instance, Eq. (8) can be used as an approximation
to understand which magnetic parameters control the BER. We observe
that a decreased BER can be obtained by either increasing the writing
field 𝐻𝑤𝑟 or the magnetisation of the system 𝜇 = 𝑀𝑆𝑉 . We distinguish
that an increase in the volume of the system leads to smaller BER,
this being confirmed by the numerical results in Fig. 5, right panel
that describes the dependence of BER on the diameter. Ultrahigh areal
densities require a reduction in grain diameter, hence a possibility to
increase the volume is by an increased height of the grains, this being
limited by the necessity of coherent reversal of the grains. Thus in
reality, there is not much space to alter the volume, hence we next
investigate the effect of the magnetic parameters that are intrinsically
different between FePt and NdFeB, such as 𝑀𝑠, 𝑇C (which is related to
the thermal fluctuations 𝑘𝐵𝑇 in Eq. (8)) and damping, and the pulse
properties, such as the pulse duration and applied field, being able
to cover, in this way, all possible effects in Eq. (8). The results are
summarised in Fig. 6 and unless otherwise stated, the simulations are
for a pulse width 𝑡𝑝 = 200 ps and the parametrisation shown in Table 1.

NdFeB showed a considerably improved BER, its saturation mag-
netisation being higher than in the case of FePt, hence we start with the
effect of𝑀𝑆 on the BER. The saturation magnetisation of FePt has been
varied by artificially changing the magnetic moment of Fe atoms in the
material. The magnetic moment used for FePt is 𝜇 = 3.23𝜇𝐵 which gives
a saturation magnetisation of 𝑀𝑆 = 10.43 × 105 A/m = 1043 emu/cm3.
The saturation magnetisation is calculated as the magnetic moment per
unit cell divided by the volume of the unit cell. We have calculated
the switching probabilities and the BER for 2 more values of the
saturation magnetisation corresponding to 𝑀𝑆 = 5.21 × 105 A/m (for
𝜇 = 1.61𝜇𝐵) and 𝑀𝑆 = 20.86 × 105 A/m (for 𝜇 = 6.46𝜇𝐵). Fig. 6,(a)
shows that with increasing magnetic moment there is an increase in the
maximum switching probabilities, which leads to decreased values of
BER - Fig. 6,(b), hence one alternative for improving the performance
of HDMR is to find materials with increased 𝑀𝑆 . This proves that the
improved performance of NdFeB comes from the increased saturation
magnetisation.

Another difference between NdFeB and FePt is given by the Curie
temperature (585 K for NdFeB compared to 720 K for FePt for bulk
systems). A decreased Curie temperature for the FePt was obtained
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Fig. 5. BER calculation for FePt and NdFeB; (left panel) Example of fitting of the switching probability of FePt grains of dimension 3 nm × 3 nm × 5 nm via the cumulative
distribution function in Eq. (6). (right panel) The variation of the bit error rate calculated via Eq. (1) as function of the system size for FePt and NdFeB systems.

by scaling the exchange interaction to a value that will correspond to
the Curie temperature of NdFeB (since the Curie temperature varies
linearly with the nearest-neighbour exchange interaction [8,19]). The
decreased Curie temperature in FePt leads to a small decrease in the
values of BER - Fig. 6,(d), but not sufficiently to favour the 3 nm grains
for their usage in HDMR; this suggests that 𝑀𝑆 is more important.
By choosing increased damping and pulse width values, the system
can evolve more quickly to thermal equilibrium, which consequently
will lead to a decreased BER, as shown in Fig. 6,(e,f) (the effect
of damping) and Fig. 6,(g,h) (the effect of the pulse width). With
increasing damping, the probability of the particle to remain blocked
in a positive magnetisation minimum due to the fast cooling of the
system is reduced, the same happening with increased pulse widths,
since the system can more easily follow the temporal evolution of the
temperature pulse, reducing significantly the BER. This effect has also
been shown in Ref. [20] where the influence of the Gilbert damping on
the signal-to-noise ratio has been analysed for HAMR.

With increasing applied field the BER is further reduced - Fig. 6,(i,j),
as suggested by Eq. (8), however such large values of applied magnetic
field are not yet accessible because no practical material has been
found with a saturation magnetisation larger than the limit of the
Slater–Pauling curve. The development of all-optical-switching tech-
nologies [21] and the subsequent high internal magnetic fields devel-
oped during the process either by non-polarised or circularly polarised
light (as in the Inverse Faraday Effect) might lead to materials that
exhibit low required BER due to the development of large internal
fields. The systematic investigation performed above suggests that in
order to obtain ultrahigh areal densities via HDMR technologies for
small grain sizes it is crucial to accurately control the BER of the system
via an increased saturation magnetisation and damping, in addition to
the high anisotropy which is necessary for the thermal stability of the
grains. Increasing the pulse width leads to a decreased BER, however,
from the technological point of view, also leads to a much lower writing
speed. The interplay between all these parameters that control the
BER needs to be taken into account while exploring the limits of areal
densities of the recording media technologies. By considering numerical
calculations of BER as presented in this section, we next reassess the
maximum areal density that can be obtained in HDMR.

3.3. Maximum areal densities for HDMR

The analytical areal density calculations (AD) in Ref. [4] are given
by:

𝐴𝐷 = 𝑉 −2∕3𝜖 (9)

where 𝜖 = 0.5 is the areal packing fraction, 𝑉 is the volume which has
been expressed based on the area of a cubic grain. The volume can be

extracted from Eq. (8) 𝑉 = ln[(𝐵𝐸𝑅)−1]𝑘𝐵𝑇𝑤𝑟∕(𝑀𝑆 (𝑇 )𝜇0𝐻𝑤𝑟) and used
in Eq. (9) leading to the following expression:

𝐴𝐷 =
( 2𝑀𝑆 (𝑇 )𝜇0𝐻𝑤𝑟

𝑘𝐵𝑇𝑤𝑟 ln[(𝐵𝐸𝑅)−1]

)2∕3

𝜖. (10)

In Eq. (10), the writing temperature 𝑇 is considered as being 10 K lower
than the Curie temperature of the system, which is a rough approxima-
tion and can lead to higher areal densities. A better description is given
by the usage of the blocking temperature 𝑇𝐵 , which is the temperature
at which the transition towards the superparamagnetic state happens.
An initial estimation of the blocking temperature can be deduced from
the Arrhenius–Néel relaxation equation, where 𝑇𝐵 = 𝐾𝑉 ∕(𝑘𝐵 ln(𝜏𝑓0)), 𝜏
being the relaxation time in a constant temperature and 𝑓0 the attempt
frequency (𝑓0 = 109 − 1012 s−1). For systems where the temperature is
not constant, such as in HAMR, the following rate dependent estimation
of the blocking temperature needs to be used, as suggested by Chantrell
and Wohlfarth [22]:

𝐾𝑉

𝑘𝐵𝑇𝐵
(1 −𝐻∕𝐻𝐾 )

2 = ln
[ 𝑓0�̇�

−1(𝐾𝑉 ∕𝑘𝐵)

(
𝐾𝑉

𝑘𝐵𝑇𝐵
)2(1 −𝐻∕𝐻𝐾 )

2

]
. (11)

In Eq. (11), �̇� −1 is the rate of temperature variation which we ap-
proximate as constant. We can calculate numerically the blocking
temperature from Eq. (11) using the temperature variation of the
anisotropy as 𝐾(𝑇 ) ∼ 𝑚(𝑇 )3 for uniaxial anisotropy of FePt in the
absence of two-ion anisotropy. The temperature dependence of the

magnetisation is considered 𝑚(𝑇 ) =
(
1 −

𝑇

𝑇C(𝐷)

)𝛽

, 𝛽 = 0.33 and a Curie
temperature of 𝑇C(3 nm) = 647 K for a 3 nm size grain. Additionally,
we consider an attempt frequency of 𝑓0 = 1012 s−1 and a linear cooling
of the system from 750 K to 300 K in 0.3 ns in a field of 𝐻 = 1 T,
since in Eq. (11) it enters a constant rate �̇� −1. The solution of Eq. (11)
will be given by the intersection between the temporal variation of
the blocking temperature calculated in Eq. (12) with the temporal
evolution of the temperature:

𝑇𝐵 =
𝐾𝑉 (1 −𝐻∕𝐻𝐾 )

2

𝑘𝐵 ln
[

𝑓0 �̇�
−1(𝐾𝑉 ∕𝑘𝐵 )

(
𝐾𝑉

𝑘𝐵𝑇 (𝑡)
)2(1−𝐻∕𝐻𝐾 )2

] , (12)

where the anisotropy constant and anisotropy field depend on the
temperature that has a temporal evolution - 𝑇 (𝑡), which is approximated
with a linear function. Numerically, the blocking temperature of the
FePt granular system of 3 nm diameter is found to be 𝑇𝐵 = 548 K. For
diameters of 4 nm and 5 nm, blocking temperatures of 𝑇𝐵 = 594 K and
𝑇𝐵 = 619 K were extracted. The areal densities corresponding to the
grain sizes investigated here are: AD(3 nm) = 45.6 Tb/in2, AD(4 nm)
= 25.6 Tb/in2, AD(5 nm) = 16.4 Tb/in2.

We note that, statistically, there will be a distribution of blocking
temperature 𝑇𝐵 which arises from the random switching path through
the phase space. The value of blocking temperature in Eq. (12) repre-
sents the mean value. Returning now to the areal density calculations,
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Fig. 6. The effect of different magnetic properties on the switching probability in FePt (left column—for grain size 5 nm × 5 nm × 5 nm) and BER as function of system size
(right column).

using the blocking temperature calculated above, we can compare
the analytical variation of the areal density as function of BER given
by Eq. (10) to the BER values calculated numerically for different
grain diameters. Fig. 7 shows that the BER obtained via numerical
calculations corresponds to AD about 50% lower than in the case of
the analytical calculations, for temperature pulse widths of 𝑡𝑝 = 200

ps. Doubling the pulse width to 𝑡𝑝 = 400 ps, the numerical BER is
closer to the analytical values. This is due to the fact that, in the
analytical calculations thermal equilibrium is assumed, which is not
the case in practice. The dynamic behaviour of the magnetic properties
will strongly influence the maximum areal density that can be achieved.
Nevertheless, it is possible to further develop this proposed model by
including distribution effects (of saturation magnetisation, anisotropy,

𝑇C etc.) using macro-spin models based on the Landau–Lifshitz–Bloch
equation, as in Ref. [23] - this type of numerical simulation will offer a
good perspective of the important parameters that control the blocking
temperature, BER and the ultimate limit for recording media.

4. Conclusion

We have presented a model of the dynamics of the HAMR process,
with particular emphasis on heated dot magnetic recording, which
allows estimation of the raw BER from the switching probability. The
results demonstrate the importance of the ‘thermal writability’ arising
from thermal backswitching of the magnetisation, leading to write
errors. Previous work [4,5] was based on the simplifying assumption of
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Fig. 7. Analytical and numerical areal density calculations for HDMR; The writing
temperature is given by the blocking temperature calculated via Eq. (12) for two
diameters of the grains (3 and 5 nm). Smaller areal densities are obtained numerically
for the same values of BER, due to the dynamic variation of the temperature and
magnetic properties.

the magnetisation achieving the thermal equilibrium value at the esti-
mated blocking temperature. A simple modification of the semi-analytic
model by treating HAMR as a field-cooled magnetisation process has
also been developed. For long pulse widths this gives slightly higher
predicted values of areal density than in Ref. [4] due to the lower
predicted blocking temperature.

We find that the HAMR behaviour follows the analytical approach
in terms of the dependence on material parameters. In particular the
factor 𝑀𝑠𝑉 𝐻𝑤𝑟∕𝑘𝐵𝑇𝑤𝑟, which governs the thermal writability, is a
dominant factor, reflected in the fact that NdFeB gives improved results
over FePt. However, our calculations show the importance of the
dynamics in the sense that, as shown in Fig. 7, the BER increases
rapidly with shorter temperature pulse widths. In principle, 3 nm ×

3 nm × 3 nm grains could be used for high density recording, but
this would require tolerance of a (raw) BER of 10−1, which would
seem technically challenging. It seems likely that, although such grains
would be marginally viable in terms of thermal stability, they are
likely to be ruled out by their thermal writability, which becomes the
more important factor. Improving this factor might be done via design,
such as the high 𝑇C/ low 𝑇C design investigated by Suess et al. [7].
However, even here the dynamical behaviour of the design needs to
be carefully investigated. In Ref. [7], it was observed that the high 𝑇C
layer (Fe) required a very high damping to achieve a reliable switching,
as also found by Ababei et al. [24]. Essentially this is because the
thermal writability is provided by the Fe layer, which must precess
into the field direction: a limiting factor if many precession cycles are
required to switch direction, especially given that switching must occur
on the timescale of at most a few hundred ps. Single grains can switch
using the linear reversal mechanism [25,26] which is much faster than
precessional reversal, giving single grain media an intrinsic advantage.
This must be considered an important factor in materials design. The
region between 𝑇C and the blocking temperature, traversed in tens or a
hundred ps, depending on the rate of temperature reduction, is clearly
an important area for investigation.
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