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We use an atomistic spin model to simulate FePt-based bilayers for heat assisted magnetic recording (HAMR)
devices and investigate the effect of various degrees intermixing that might arise throughout the fabrication,
growth and annealing processes, as well as different interlayer exchange couplings, on HAMR magnetisation
dynamics. Intermixing can impact the device functionality, but interestingly does not deteriorate the properties
of the system. Our results suggest that modest intermixing can prove beneficial and yield an improvement in
the magnetisation dynamics for HAMR processes, also relaxing the requirement for weak exchange coupling
between the layers. Therefore, we propose that a certain intermixing across the interface could be engineered in
the fabrication process to improve HAMR technology further.

I. INTRODUCTION

Heat assisted magnetic recording (HAMR) technology is
now considered the future candidate for high density storage
applications [1–8]. HAMR exploits the effect of local heat-
ing on the magnetic layer during the writing process to re-
duce the coercive field of the high anisotropy grains, therefore
making possible to reverse the magnetisation and write the
information. To achieve areal density as large as 4 Tb/in2 op-
timisation of both the medium properties and writing/reading
mechanisms is required. A path to improve HAMR perfor-
mances is to engineer the magnetic layer by coupling the hard
iron-platinum (FePt) grains, characterised by large magnetic
anisotropy, with grains that are soft and have higher Curie
temperature (Tc) than FePt [9–18]. At temperatures close to
T FePt

c where FePt looses its ferromagnetic character, the softer
material remains ferromagnetic with a non-zero magnetisation
and a weak anisotropy. Consequently the external field acts
on the soft phase only and, due to the low anisotropy a lower
magnitude than for a single phase medium is required. As the
system cools down the hard material anisotropy is restored, re-
sulting in parallel alignment of the magnetisation of the hard
and soft phases. Such a coupled structure, with optimised in-
terlayer exchange coupling, allows magnetisation switching at
reduced write fields and temperatures.

Sputtering is the most commonly employed fabrication
technique on an industrial scale. However it is difficult to
achieve atomically smooth interfaces, and some interface mix-
ing resulting from atomic migration across an interface might
be expected. This has not been considered widely for HAMR
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technology, neither experimentally [19] nor theoretically, due
to the complex nature of the phenomenon. The realm of this
process falls naturally within the atomistic description as it
involves changes of the atomic composition at the interface.
For these reasons in this work we focus on the effect of in-
termixing between the two different magnetic layers on the
system properties and magnetisation dynamics, and we per-
form the investigation by means of an atomistic spin model.
Our simulations allow to propose that the deposition and fab-
rication processes could be engineered to achieve an optimal
intermixing degree resulting in “locally graded media” lead-
ing to improved media functionality.

II. METHODS

For the simulation of spin dynamics and HAMR processes
we employ an atomistic spin model as implemented in the
freely distributed software package VAMPIRE [20]. The dy-
namics of each individual atomic spin is modelled by inte-
grating the Landau-Lifshitz-Gilbert (LLG) equation of motion
[21]:

∂Si

∂ t
=−

γe

1+λ 2

[

Si ×Hi
eff +λSi ×

(

Si ×Hi
eff

)]

, (1)

where Si is the unit vector of the atomic spin on site i, γe is
the absolute value of the electron gyromagnetic ratio, λ is the
Gilbert damping that couples the spin system to the heat bath.
Hi

eff is the effective field acting on spin i and accounts for the
interactions within the spin system (exchange, anisotropy and
Zeeman coupling) and thermal effects via a stochastic term
represented by a Langevin thermostat [21].

We describe the system as a bilayer where there exists a
direct interface between the two layers and these are mag-
netically coupled via direct exchange. One layer is FePt and
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the other is a iron-based (Fe-based) alloy (Soft). In realistic
HAMR media it is likely to expect the presence of an ex-
change break layer (EBL), i.e. an atomic thin layer either
non magnetic or weakly magnetic, separating the two lay-
ers. Nevertheless, being this the first investigation, we rely
on the aforementioned simplification. Moreover, previous ex-
perimental studies on FePt-based multilayer systems with no
EBL for perpendicular recording media (PMR) applications
have shown that by tweaking the growth temperature and an-
nealing condition the magnetic properties, such as coupling
at the interface and anisotropy, can be altered [22–27]. We
model the system as an hexagonal grain with in-plane di-
mension 5 nm and variable thickness between 10 and 15 nm,
where the top 5 nm are composed of Fe-based alloy and the
rest is FePt. Ab initio calculations by Mryasov et al [28] have
found that in L10-ordered FePt the Pt moment has a delo-
calised nature and is induced by Fe. By exploiting this de-
pendence, they proposed a description of FePt that considers
Fe only and accounts for Pt effects via an enhanced effective
moment (Fe+Pt), and a long range exchange coupling that in-
cludes two-ion anisotropy [28, 29]. For the sake of computa-
tional efficiency, we simplify the long range Hamiltonian by
modelling FePt with an isotropic nearest-neighbour Hamilto-
nian with uniaxial anisotropy, similarly to the works of Ababei
et al [18, 30] and Strungaru et al [31], by mapping the original
tetragonally distorted face-centre-cubic structure of FePt to a
distorted simple cubic lattice of dimensions a0,xy = 0.272nm
and a0,z = 0.385nm. Within this approach we assign FePt

a uniaxial anisotropy energy of kFePt
u = 2.63 ·10−22 Jatom−1,

an atomic magnetic moment µFePt
s = 3.23 µB and an exchange

coupling JFePt
i j = 6.8 ·10−21 J link−1. These give Tc ∼ 700K,

Ku ∼ 9 ·106 Jm−3 and Ms ∼ 1 ·106 Jm−3 T−1 as in bulk FePt
[5, 32–34]. The Fe-based alloy is characterised by Ji j =

9.5 ·10−21 J link−1, ku = 1 ·10−23 Jatom−1 and µs = 2.15 µB.
These parameters are derived from experimental bulk val-
ues of a magnet with relatively low anisotropy and high
Tc: Ms = 7 ·105 JT−1m−3, Tc ∼ 1,000K and anisotropy field
Hani = 1T. We assume λ = 0.1 for FePt as done in our pre-
vious work [35], a value accepted normally for compounds
including heavy elements such as Pt and in agreement with
the value reported in literature [18, 36]. We also assign the
same damping to the soft layer, given that this can prove ben-
eficial for HAMR [18]. The simulated temperature dependent
magnetisation of individual 5×5×5 nm3 FePt and soft phase
grains is presented in Fig. 1. The figure allows to appreci-
ate the different Tc of the two materials as well as finite size
effect, which result in a non-critical behaviour of the magneti-
sation for temperatures approaching Tc with T FePt

c ∼ 700K,
and a non-zero tail above it. We stress that to obtain the two
curves the two materials are simulated as individual systems,
thus there is no coupling between them here. We vary the ex-
change coupling between FePt and soft phase (Jint) between
10 and 30% of JFePt

i j to mimic the presence of an EBL; the
lower bound ensures that the system is coupled, whilst the up-
per bound guarantees we are within the exchange spring limit.
These parameters are listed in Table I.

The degree of intermixing is varied from 0%, i.e. an ideally
smooth interface, up to 15%. Larger values are not considered

FIG. 1. Calculated temperature-dependent magnetisation length
(m = |M|/Ms(0K)) for 5×5×5 nm3 FePt (light-blue downwards
triangles) and soft phase (dark-blue upward triangles) grains per-
forming LLG simulations with a time-step of 1 ·10−16 s. Continu-
ous lines are fit to the data according to Eq. 14 of Ref. [35], which
gives Curie temperatures of 690 K for FePt and 990 K for the soft
material. Finite size effects can be clearly seen in the non-zero tail
of m after the critical temperature. The spin system is integrated
for 100,000 steps of which the initial 50,000 steps are for reaching
thermal equilibrium; the LLG equation is integrated with a time-step
dt = 1 ·10−16 s.

TABLE I. Simulation parameters for the bilayer systems.

FePt Soft Unit

Exchange energy Ji j 6.8 ·10−21 9.5 ·10−21 J link−1

Uniaxial anisotropy energy ku 2.63 ·10−22 1.0 ·10−23 J atom−1

Atomic magnetic moment µs 3.63 2.15 µB

Gilbert damping λ 0.10 0.10

as they yield an alloyed FePt-soft system in the soft region,
thus diverging from the aim of this work. The intermixing is
simulated by randomly replacing atoms within one material
with atoms of the other with a certain probability; a sketch
of the systems is presented in Figure 2. We emphasise that
alternative models that allow to treat the Pt explicitly are re-
quired to properly describe effects such as intermixing, where
the Fe and Pt atoms can behave differently depending on the
site location. In such a case in fact, the description of FePt
where the Pt contribution is included via an effective aug-
mented atomic spin moment starts losing its validity. There
are reports of models that, by taking into consideration longi-
tudinal spin fluctuations, can include Pt explicitly and allow
for Pt magnetic moments to vary with the surrounding Fe en-
vironment [37]. Such an approach requires a detailed param-
eterisation of both Fe and Pt magnetic properties and efforts
are on the way to develop an approach similar to that pro-
posed by Ellis et al. Moreover, the approximation of a weak
exchange coupling between effective FePt atoms and those of
the soft material when these are displaced in the opposite layer
can be seen as a representation of the exchange coupling on
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FIG. 2. Sketch of the investigated systems: on the left a Soft/FePt
hexagonal grain of dimensions 5×5×15 nm3 without intermixing;
in the centre the same system with increasing degree of intermixing
from small to large; on the right a 5×5×10 nm3 FePt hexagonal
grain. Each sphere represents an atomic magnetic moment: silver
for the soft phase (Soft) and gold for FePt.

average between Fe-soft material atoms and Pt-soft-material
atoms. Taking this into consideration and given the lack of a
better model to describe the intermixing, our work represents
an initial effort to simulate and investigate this phenomenon
and the possible implications.

We adopt a simplified description of a HAMR process
where the external field and heat pulse are applied to the re-
gion underneath the writing head. We model the laser pulse
(T (t)) as a spatially uniform temperature pulse with Gaussian
time profile:

T (t) = Ta +
(

Tpeak −Ta

)

exp

[

−

(

t −3tpulse

tpulse

)2]

, (2)

where Ta is the temperature at which the system is left when
no pulse is applied, ambient temperature, and Tpeak is the max-
imum temperature, reached at 3tpulse, where tpulse is one sixth
of the total duration of the pulse. HAMR dynamics is ob-
tained by simulating individual grains and repeating each sim-
ulation 100 times with a different random seed to ensure a
large enough statistical ensemble. Given the fast nature of the
process and the high temperatures involved, we adopt an in-
tegration step of 1 ·10−16 s in our atomistic simulations. The
switching probability is then given by the number of success-
ful switching events over the 100 total repetitions. Following
Ref.[35], a cumulative distribution function can be used to fit
the switching probability as a function of peak temperature.

III. RESULTS

To understand the effect of the interfacial coupling on the
switching properties during HAMR processes, we consider
values of Jint corresponding to 10, 15 and 30% of JFePt

i j . How-
ever for the sake of clarity when presenting the results, only
data for 10 and 30% is shown. We simulate temperature pulses
by varying pulse time tpulse from 100 to 300 ps and peak tem-
perature Tpeak from 550 to 750 K, under an external magnetic
field Happ of 1 T. We compare the results for the bilayer sys-
tems with those for pure FePt for the same HAMR setup. The
latter have already been published by the authors elsewhere
[35] and serve as a benchmark comparison.

A. Ideal interface

Figure 3 presents the switching probabilities for bi-
layers with ideal interfaces of thickness 10 nm (a,b) and
15 nm (c,d) for Jint = 10 and 30% of JFePt

i j (0.68 ·10−21,

2.04 ·10−21 J link−1). For a single material the magnetisation
reversal occurs within the recording window where the exter-
nal field is larger than the grain anisotropy field reduced by
the temperature pulse [5]. In the case of an exchange coupled
system where the recording layer has a lower anisotropy and a
higher Tc, the recording window can be enlarged. This makes
possible to achieve the reversal at lower Tpeak. However, the
width of the recording window depends on the strength of the
coupling and pulse duration. Below 650 K the magnetisation
reversal in FePt is expected to follow a precessional dynam-
ics, which depends on the anisotropy field mainly, whilst it be-
comes close to linear at higher temperatures [35]. FePt grains
do not reverse at these temperatures, but the composite sys-
tem could yield switching via proper engineering of the ma-
terial properties. The aim is to reduce the peak temperature
required for the reversal without impacting negatively either
on the distribution width or the maximum value of the switch-
ing probability. By inspection of Figure 3(a,b) we find that
the bilayer switching probability shifts towards lower Tpeak.
However, this is also accompanied by a widening of the same.
This can prove detrimental for transition width and the bit er-
ror rate properties. Since precessional switching is a slower
process than linear dynamics, as tpulse increases from 100 to
300 ps more and more grains reverse their magnetisation and,
therefore, we can expect a shift of the switching probability
towards lower temperatures. In fact, this is observed in both
the investigated systems, both FePt and bilayers. It is worth
mentioning that the processes investigated here correspond to
a fast dynamics if compared with a continuous HAMR pro-
cess, analogous to a head speed around 20 m/s. This is a ma-
jor factor in determining the switching properties and should
be taken into account in the analysis. We note that for the bi-
layer system 10 nm tall, the switching probability curves for
very short temperature pulses reach lower maximum values
and exhibit wider transition width for stronger Jint. This rep-
resents a net difference with respect to pure FePt grains, where
the maximum seems to depend on the applied field solely. The
lower maximum switching probability for short pulses and el-
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FIG. 3. Comparison of the switching probability as a function of peak temperature Tpeak for a pulse length tpulse of 100 ps (a,c) and 300 ps

(b,d) among FePt (black dots) and ideal bilayer grains with Jint 10% (downward triangles) and 30% (diamonds) of JFePt
i j for grain thickness

10 nm in a) and b), and 15 nm in c) and d). Full symbols represent the data and lines are fit to a cumulative function.

evated Tpeak is likely caused by the fast cooling rate that does
not allow the FePt layer to follow the reversal of the soft layer.
Once the FePt recovers the high anisotropy, if its magnetisa-
tion has not reversed, it drives the reversal of the soft layer
back to the initial state, and the switching results unsuccess-
ful. This does not occur for the thicker grain since the grains
at large temperatures are dominated by the FePt behaviour.
This emphasises how tuning the pulse properties is crucial to
achieve a successful and efficient switching.

If we fix tpulse, we observe that the width of the switching
probability increases with Jint. As the coupling increases the
system tends towards the rigid magnet behaviour: for Tpeak be-
low the linear regime of FePt the total coercivity of the bilayer
decreases with a progressive loss of the exchange spring ef-
fect. This results in a larger probability of reversing the grain
magnetisation at low Tpeak. When Tpeak falls in the range of
temperatures of FePt linear dynamics, FePt dominates the re-
versal process. This occurs for both the investigated thickness,
with the bilayer and pure FePt grains switching probabilities
are nearly the same for Tpeak above 675 K. Longer pulses re-
sult in a wider recording window, and thus a slightly larger
switching probability across these temperatures. Overall, a
stronger Jint comports a broader switching probability distri-
bution, hence a larger transition width, than obtained in pure
FePt grains. This is not ideal for applications, where a narrow
switching distribution is desirable.

Our results show that a bilayer system composed half of
FePt and half of a soft material is not a suitable choice to re-
place media of pure FePt due to the widening of the switch-
ing probability and the reaching a lower maximum value of
the same. On the other hand, our simulations suggest that

when FePt makes most of the grain, if Jint does not exceed
10% of JFePt

i j , it becomes possible to successfully exploit the
exchange spring mechanism reducing the maximum tempera-
ture required for the reversal up to 15 K for the slowest pro-
cess. Other ways to improve the performances of coupled bi-
layer system could be to choose a couple of materials with a
different damping, as discussed in Ref. [18].

B. Interface with intermixing

Once the properties of grains with an ideal interface have
been characterised, we investigate the effect of interfacial in-
termixing by varying the degree of intermixing as a function
of the exchange coupling between hard and soft phase. The
structures with intermixing are sketched in the central region
of Figure 2. One would expect that the main effect of in-
termixing is to induce a broader dispersion of the switching
probability due to a smearing of the magnetic properties. In
Figure 4 we compare the switching probabilities of the bilayer
with intermixing (diamonds, squares and upward triangles)
with those of FePt grains (dots) and bilayer without intermix-
ing (downwards triangles) for tpulse = 300ps for different Jint

for bilayer thickness of 10 nm and 15 nm in panels (a,b) and
(c,d) respectively. Surprisingly, we find that the intermixing
does not cause the switching probability to deteriorate, and in
most of the investigated cases the switching probabilities show
both a shift towards lower peak temperatures and a reduced
width of the distribution. In fact, by inspection of the fig-
ures it emerges clearly how the switching probability reaches
the maximum at a lower Tpeak as the intermixing increases.
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FIG. 4. Plot of the switching probability for a 5×5×15 nm3 hexagonal bilayer grain comparing Jint 10% (a,c) and 30% (b,d) of JFePt
i j as a

function intermixing and peak temperature Tpeak for a pulse length tpulse = 300ps. a) and b) are for bilayers with thickness 10 nm, c) and d) for
thickness 15 nm. These switching probabilities are compared with those of FePt (black dots). Full symbols represent the data and lines are fit
to a cumulative function.

Counter intuitively, interfacial intermixing yields larger im-
provements in the grains with thickness 10 nm, with a shift
of 25 K with respect to the bilayer with ideal interface and
more than 50 K with respect to pure Fe grains. We can ex-
pect that intermixing in the system composed of half FePt and
half soft material results in an average properties system with
a softer nature with respect to the thicker system, therefore re-
sulting in switching at lower temperatures. Interestingly, we
also find that the difference between different Jint tends to de-
crease for the strongest exchange coupling values. Not only,
but the strongest Jint yield a shift towards lower temperatures
and narrow distribution of the switching probability. This oc-
curs for both the thicknesses, as it can be seen by comparing
panels b) and d) of Figure 4. As demonstrated by our results
for the bilayer with ideal interface, minimising the coupling at
the interface is usually favourable. The fact that the strength
of the coupling has a weaker impact on the switching proper-
ties of the grains and that diluting the coupling might not be
necessary, could prove beneficial in the material processing
and development of HAMR devices.

In order to understand the origin of these changes, we con-
sider an average system where to each spin within an atomic
layer is assigned the average of the layer magnetic proper-
ties. This is done for the different degrees of intermixing, and
the average is performed over 100 grains each generated with
a different random seed to ensure a different structure. As
an example we plot the average zero temperature layer ex-
change coupling Ji j and anisotropy field (Hani = 2ku/µs) for

Jint = 10% of JFePt
i j for the 15 nm thick grains, presented in

Figure 5. Intermixing affects the grains by causing a gradient

FIG. 5. Averaged layer resolved zero temperature exchange
coupling (a) and anisotropy field (b) for Jint = 10% of JFePt

i j

(0.68 ·10−21 J link−1) comparing different intermixing.

of the magnetic properties across the thickness of the grain.
Let us consider the exchange coupling in panel a): in the ideal
interface case only the interfacial layers are characterised by
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FIG. 6. Comparison of the switching probability as a function of
peak temperature Tpeak for a pulse length tpulse = 300ps of a bi-

layer grain characterised by 15% intermixing and Jint = 10% of JFePt
i j

(0.68 ·10−21 J link−1) with those of an equivalent system where each
layer is characterised by the averaged properties. Full symbols rep-
resent the data and lines are fit to a cumulative function.

a lower exchange, shown by the violet line and downwards
triangles. As the intermixing increases, a larger number of
layers near the interface is characterised by a lower Ji j. This
yields an average lower coupling in the whole grain, and in
particular in the soft phase region. These layers are more
loosely coupled than in the ideal interface case and, thus, are
less thermally stable. This drop could also explain the pro-
gressive attenuation in the difference between small and large
Jint observed above. In fact, the spins at the interface would
behave as they were characterised by a lower Jint effectively.
Moreover, since Tc is mainly determined by the exchange cou-
pling [38], grains with intermixing across the interface will be
characterised by a lower Tc. In turn, because Tc affects the
temperature dependence of macroscopic magnetisation and
anisotropy, we can expect a weaker anisotropy field Hani at
elevated temperature. The intermixing is also responsible for
an independent gradient of Hani, shown in panel b), due to the
layer averaging of ku and µs: Hani decreases close to the inter-
face in FePt and increases in the other layer. This is similar to
graded-anisotropy systems, for instance obtained by argon-ion
(Ar+) irradiation of FePt films studied by di Bona et al [39]
for PMR applications. In light of this analysis, we can under-
stand the better switching performances for thickness 10 nm.
While in the thicker system the drop in the exchange does
not affect the bottom of the grain where the atomic properties
remain those of FePt, nearly the whole grain is affected for
the thinner case. As a consequence, on average the grain is
characterised by a weaker exchange coupling. Similarly, Hani

varies smoothly across the whole grain in the thin case.

To determine which of these effects, exchange and
anisotropy variation, is dominant or whether they are in com-
petition, we simulate a HAMR process for a system of thick-
ness 15 nm with 15% of intermixing and Jint = 10% of JFePt

i j

in two cases: one where the exchange coupling Ji j, anisotropy

ku and magnetic moment µs are replaced by their atomic layer
average values; the other where only the exchange is replaced
with the atomic layer average value, while ku and µs are those
of the ideal interface grain. We compare the obtained switch-
ing probabilities as a function of Tpeak in Figure 6. Both ap-
proximations yield a switching probability close to that of
the original atomic system and are centred at the same Tpeak.
This confirms that the reduction of the exchange is indeed the
major factor in the improvement of the switching properties.
When Ji j, ku and µs are replaced by their layer-average value
the switching probability matches that of the atomistic system.
Instead, if only Ji j is averaged, the switching probability has
a broader distribution. This can be explained by considering
that a larger Hani of the soft phase (Hsoft

ani ) reduces the prob-
ability that a grain is reversed at low Tpeak, and a lower Hani

of FePt (HFePt
ani ) increases the probability at high Tpeak. We

note that the effect at low Tpeak, where we expect the soft ma-
terial to be dominant, is consistent with the results in graded
exchange coupled composite media for PMR where a decreas-
ing anisotropy as a function of thickness yields a reduction of
the switching field [9, 10].

Finally, to further confirm the importance and the role of
the local variation of Ji j across the interface, we compare the
intermixed system with other two similar systems. One, dis-
cussed in Supplementary note 1, is a simple model of bilayer
with EBL. We find that when the EBL extends over 3 or 4
monolayers the system with EBL exhibits an analogous be-
haviour to the intermixing case due to an effective decrease
in the exchange coupling across the interface. The other, pre-
sented in Supplementary note 2, is a “linearly varying Curie
temperature medium”: a system whose Ji j is varied linearly

from JFePt
i j to JSoft

i j , similarly to Ref.[40]. The linear gradient

of Tc yields switching at temperatures larger than T FePt
c and

thus it proves the critical role of a local decrease in Ji j rather
than a linear or non-monotonic variation in Ji j (Tc). The fact
that the variation in the interlayer exchange coupling, rather
than the magnetic moments and anisotropy energies, is the
key player in the changes and improvements in the switching
properties validates the proposed approach to describe the in-
termixing phenomenon. As such, we expect the main features
of our results to be confirmed by more refined models once
these will be accessible.

IV. CONCLUSIONS

In conclusion, we have investigated the effect of differ-
ent interlayer exchange coupling and made an initial effort to
study the effect of intermixing on HAMR magnetisation dy-
namics of FePt/Soft-phase bilayer grains by means of atom-
istic spin simulations. Replacing pure FePt grains with ex-
change coupled composites systems made of FePt and a soft
Fe-like material would allow to reduce the maximum tem-
perature required to switch the grain magnetisation. Our re-
sults suggest that it is possible to improve the performance of
HAMR systems by engineering the interlayer coupling to be
around 10% of JFePt

i j when FePt makes most of the grain. In-
stead, the switching at lower temperatures is counteracted by
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a widening in the switching probability when half of the grain
is FePt. Interestingly we find that intermixing does not de-
grade the switching properties of the bilayer system. It yields
better switching performances than single FePt grains. Inter-
mixing is responsible for a region across the interface with
low exchange coupling and this results in a net improvement
in the switching probability even for a system with large in-
terlayer coupling for a modest interfacial intermixing. More-
over, an even grain composition results in improved switching
performances yielding switching at lower temperatures. This
could prove beneficial due to the reduced demand of material
and overall thickness of the magnetic film. On the basis of
these results we propose that deposition, growth and fabrica-
tion processes could be engineered to achieve an optimal in-

termixing degree resulting in “locally graded media” leading
to improved media functionality.
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