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High storage density and high data rate are two of the most desired properties of modern hard disk drives.
Heat-assisted magnetic recording (HAMR) is believed to achieve both. Recording media, consisting of
exchange-coupled grains with a high and a low TC part, were shown to have low dc noise—but increased ac
noise—compared to hard magnetic single-phase grains like FePt. We extensively investigate the influence
of an Fe-Rh interlayer on the magnetic noise in exchange-coupled grains. We find an optimal grain design
that reduces the jitter in the down-track direction by up to 30% and in the off-track direction by up to 50%,
depending on the head velocity, compared to the same structures without FeRh. Furthermore, the
mechanisms causing this jitter reduction are demonstrated. Additionally, we show that, for short heat pulses
and low write temperatures, the switching-time distribution of the analyzed grain structure is reduced by a
factor of 4 compared to the same structure without an Fe-Rh layer. This feature could be interesting for
HAMR use with a pulsed laser spot and could encourage discussion of this HAMR technique.
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I. INTRODUCTION

The areal storage density (AD) of conventional perpendi-
cular magnetic recording (PMR) has shown a tremendous
increase over the decades. Almost 20 yr ago,when the annual
AD growth was about 100%, a limit of 1 Tbit=in2 was
predicted for PMR [1]. Indeed, in recent years, the growth
rate has significantly slowed down and seems to reach
saturation. Current ADs of PMR media are already in the
vicinity of 1 Tbit=in2. Alternative approaches like two-
dimensionalmagnetic recording and shingled recordingwere
proposed to extend this limit to about 1.5 Tbit=in2 [2,3].
Nevertheless, to reach even higher ADs, a new recording

concept is needed.Heat-assistedmagnetic recording (HAMR)
is expected to be this key technology. Although the basic
principle of HAMRwas proposed nearly 60 yr ago [4], only
recent advances in the development of near-field transducers
have allowed fabrication of HAMR heads for high-density
recording. HAMR uses the decrease of the coercivity of a
ferromagnetic material with temperature. Hence, magnetic
grains with a high magnetic anisotropy can be switched,
which would not be possible at room temperature. As a

consequence, recording grains can be further scaled down
whilemaintaining their long-term stability. The loss of long-
term stability for small structures, known as the super-
paramagnetic limit, is the bottleneck of PMR. Even more
importantly, because of the heat assist, the higher effective
field gradient of a HAMR head,

dHeff

dx
¼ djHextj

dx
þ dHc

dT
dT
dx

; ð1Þ

allows us to narrow the bit transitions, ultimately yielding
smaller bits.
First working devices with an AD of 1 Tbit=in2 [5] in

2013 and 1.4 Tbit=in2 [6] in 2015 proved the potential of
HAMR. Future hard disk drives based on granular media
are hoped to reach ADs of up to 4 Tbit=in2 [7–9]. In
combination with bit-patterned media, theoretical inves-
tigations predict ADs even beyond 10 Tbit=in2 [10].
The downside of the latter study is the low head velocity

of 7.5 m=s for which the high AD is obtained. For higher
data rates, dc noise arises at high temperatures. The reason
is the combination of a high thermal gradient of the heat
spot and a high dHc=dT gradient near the Curie temper-
ature of the high anisotropy islands used (such as FePt).
Both result in a short recording time window [11,12] in
which the external field can efficiently reverse the mag-
netization of the islands [13]. Hence, the switching is not
reliable at high data rates. One possible solution for
increasing the head velocity without creating problems
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with dc noise is the use of exchange-coupled grains with a
high and a low TC part, thereby lowering the dHc=dT
gradient. However, with such grains, ac noise increases,
which significantly decreases the maximum AD [14].
In this work, we showhow an Fe-Rh layer in themiddle of

a grain with a high- and a low-TC part (Py=FePt, for
example) can reduce ac noise without leading to dc noise,
even for high data rates. At room temperature, FeRh is
antiferromagnetic. Above a critical temperature, T jump, it
becomes ferromagnetic [15]. The key idea of the proposed
structure, as illustrated in Fig. 1, is to use a thin Fe-Rh layer
between the soft magnetic (SM) high-TC layer and the hard
magnetic (HM) low-TC layer, which controls the exchange-
coupling strength between them. In the ferromagnetic phase,
well above T jump, we assume full coupling, and towards
room temperature the coupling drastically decreases. We
show that the proposed grain combines the best of pure HM
grains with low ac noise and exchange-coupled grains with
low dc noise. Furthermore, we investigate which require-
ments the Fe-Rh interlayer must fulfill to gain the most from
the proposed structure compared to ordinary grains with a
high- and a low-TC part.
In contrast to Fe-Rh/HM grains without a soft top layer,

in which FeRh is used to produce an exchange-spring
effect above T jump [16], FeRh merely tunes the exchange
coupling in the proposed structure. FeRh itself is not
required to lower the coercivity of the composite grain. For
the read-back process, the additional magnetic moment of
the SM layer is a large advantage towards achieving high
signal-to-noise ratios even for small grain dimensions. This
is also in contrast to the Fe-Pt=Fe-Rh=Fe-Co trilayer
structure of Refs. [17,18], which has an in-plane Fe-Co
layer whose magnetic moment cannot be used during
read back.

II. METHODS

To correctly model the magnetization dynamics during
the HAMR process, we use a coarse-grained model based
on the Landau-Lifshitz-Bloch (LLB) equation [19–26].
Specifically, the stochastic formulation proposed by
Evans et al. [27] per

dm
dt

¼ −μ0γ0ðm ×HeffÞ

−
α⊥μ0γ0
m2

fm × ½m × ðHeff þ ξ⊥Þ�g

þ α∥μ0γ
0

m2
mðm ·HeffÞ þ ξ∥: ð2Þ

is solved. In this equation, m is the reduced magnetization
M=M0, with the saturation magnetization at zero temper-
ature M0, γ0 is the reduced electron gyromagnetic ratio
[γ0¼jγej=ð1þλ2Þ, with jγej ¼ 1.76086 × 1011 ðT sÞ−1], μ0
is the vacuum permeability, and α∥ and α⊥ are dimension-
less temperature-dependent longitudinal and transverse
damping parameters defined as

α⊥ ¼
�
λð1 − T

TC
Þ T < TC

α∥ T ≥ TC

; α∥ ¼ λ
2T
3TC

: ð3Þ

λ denotes the coupling of the spin to the heat bath on an
atomistic level. The effective magnetic field Heff comprises
the external field, the anisotropy field, and exchange fields.
Magnetostatic interactions are not directly included. The
stochastic influence of temperature is represented by the
longitudinal and perpendicular stochastic fields ξ∥ and ξ⊥,
respectively. Both are vectors with Gaussian random
numbers with zero mean and a variance per

hξη;iðt; rÞξη;jðt0; r0Þi ¼ 2Dηδijδðr − r0Þδðt − t0Þ; ð4Þ

with the diffusion constantsDη (η is a placeholder for ∥ and
⊥), which are derived from the fluctuation-dissipation
theorem per

D⊥ ¼ ðα⊥ − α∥ÞkBT
γ0μ20M0Vα2⊥

;

D∥ ¼
α∥γ

0kBT
M0V

: ð5Þ

Here, T is the temperature, kB is the Boltzmann constant,
and V is the discretization volume. The special feature of
the coarse-grained LLB model is that each material layer in
a magnetic grain is described with a single magnetization
vector. Although this coarse-grained model is computa-
tionally cheap, it can correctly reproduce the magnetization
dynamics of the same system with an atomistic discretiza-
tion. Please refer to Ref. [28] for more details.

A. Simulation setup of the recording head

We analyze the switching probabilities of continuous
HAMR in the following. This means that a constant laser
pulse with a write temperature of Twrite ¼ 715 K in the spot
center and a full width at half maximum (FWHM) of 20 nm
is assumed to move over a recording medium. The heat

FIG. 1. Schematic illustration of the proposed grain structure.
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pulse has a Gaussian shape in space—and thus also in
time. Thermal spot sizes of recent HAMR prototypes
are about 50 nm [5,6]. Computer simulations of a lolli-
pop near field transducer [29] show, depending on the
medium, that a FWHM < 40 nm is feasible [7,30].
Nevertheless, further research will be required to reduce
the FWHM down to about 20 nm, in order to achieve an
AD beyond 5 Tbit=in2.
Furthermore, we assume the inductive write head will

produce a spatially uniform field with a strength of
μ0Hext ¼ 0.8 T. We choose a typical write frequency of
1 GHz. The easy axis of the grains and the external field
enclose an angle of 6°. With this setup, we investigate the
switching behavior of isolated grains with an initial
magnetization state that points in the negative-z direction,
hereafter referred to as magnetization down. Depending
on the off-track position of a grain in the medium,
the maximum temperature of the arriving heat pulse
differs per

TmaxðyÞ ¼ ðTwrite − TminÞe−ðy2=2σ2Þ þ Tmin; ð6Þ

with y representing the off-track position, Tmin ¼ 270 K,
and

σ ¼ FWHMffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8 lnð2Þp : ð7Þ

The maximum temperature of the heat pulse is not
dependent on the down-track direction, but the temporal
shift between the maximum of the heat pulse and the
center of the write pulse varies. To illustrate the situation
for different bit positions, Fig. 2 displays the temporal
evolution of the heat pulse and the external field for a
write pattern of 0001000.

B. Composition of the recording grains

The grains in the investigated media have a diameter of
5 nm and a thickness of 10 nm. We compare three grain
types:
(a) single-phase grains with the material property HM

from Table I,
(b) exchange-coupled SM/HM grains consisting of 50%

SM (SM1 or SM2) and 50% HM material, and
(c) SM=Fe-Rh=HM grains with the same composition as

(b) but with an Fe-Rh interlayer between the SM and
HM layers.

The HM material referred to in Table I is very similar to
pure FePt, except for the reduced Curie temperature. A
decrease of TC, while maintaining high anisotropy, can be
obtained by adding a few-percent concentration of Cu or
Ni, as demonstrated in Refs. [31–33]. The SM layers have
properties similar to those of permalloy (Py) with an
enhanced damping constant. Although this assumption
seems risky, Bailey et al. [34] showed how to significantly
increase the damping constant in Py while maintaining its
soft magnetic character by doping with low concentrations
of Tb.
As mentioned in Sec. I, FeRh is antiferromagnetic at

room temperature and becomes ferromagnetic above a
critical temperature T jump. In the proposed structure, a thin
Fe-Rh layer between the SM and the HM layer is used to
control the exchange-coupling strength between them. In
our model, we do not compute the detailed magnetization
dynamics of the Fe-Rh interlayer: we consider only the
effected modulation of the exchange coupling, as demon-
strated in Fig. 4(b). At high temperatures well above T jump,
the SM and HM layers are fully coupled and, at room
temperature, the exchange coupling reaches its minimum
value.

C. Stabilization of the soft layer

In the proposed SM=Fe-Rh=HM structure, we must
ensure that the magnetization of the SM layer is oriented
in the correct direction (parallel to that of the HM
layer) during read back. Before discussing the recording
performance of the introduced grains, we want to
analyze the requirements under which the proposed

(a) (b)

FIG. 2. Illustration of the temporal evolution of the applied heat
pulse and the external magnetic field for a write pattern of
0001000 for different grain positions. A head velocity of 10 m=s
is assumed. (a) Grain at the center of the track (off-track position
of y ¼ 0 nm) and a down-track position of x ¼ 0 nm (the solid
blue line) and x ¼ 15 nm (the dashed blue line), respectively.
(b) Grain at the same down-track positions as in (a) but with an
off-track position of y ¼ 10 nm, yielding a lower maximum
temperature of the heat pulse.

TABLE I. Zero-temperature magnetic properties of the soft
magnetic (SM) and hard magnetic (HM) materials used. K1 is the
anisotropy constant, MS the saturation magnetization, λ the spin-
bath coupling strength, and TC the Curie temperature.

HM SM1 SM2

K1 (MJ=m3) 6.6 0.0 0.0
μ0MS (T) 1.43 1.43 1.00
λ 0.1 1.0 1.0
TC (K) 537 822 849
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SM=Fe-Rh=HM structures show this parallel alignment,
and thus a high read-back signal, due to the high moment of
the SM part, is ensured.
In equilibrium, the exchange field of the HM layer,

acting on the SM layer, must be larger than the sum of
the stray fields of all neighboring grains and the stray
field of the bottom HM layer. This means that the
exchange coupling between the SM layer and the HM
layer must not completely vanish at room temperature. As
a consequence, it is a requirement that the Fe-Rh
interlayer must not become a perfectly compensated anti-
ferromagnet. To estimate the required room-temperature
coupling strength, we calculate the stray field of all
neighboring grains and the bottom HM layer for a worst-
case scenario. In this scenario, all grains in an area of
50 × 50 nm2 of a granular medium are assumed to be
magnetized in the up direction, in an attempt to reverse
the SM layer. The surface of the medium consists of 83%
grains and 17% grain boundary, which corresponds to an
average boundary thickness of 0.5 nm for grains with an
average diameter of 5 nm. We generate 1000 different
realizations of the described sector via Voronoi tessella-
tion and compute the average stray field in the top part of
the center grain with MAGNUM.FE [35]. Specifically, a
hybrid finite element–boundary element method based on
the Fredkin-Koehler approach [36] is used for the
computation of the stray field. Figure 3(a) demonstrates
a slice of one realization of the medium. The colors are
used to distinguish between the HM and SM parts of the
grains. A histogram of the stray field in the top (SM1)
part of the center grain, which is highlighted in Fig. 3(a),
is illustrated in Fig. 3(b). The resulting maximum and
average demagnetizing fields of both HM/SM structures
are given in Table II. According to Ref. [28], the
intergrain exchange field of the HM part acting on the
SM part can be computed per

Hiex;SMðTÞ ¼
2AiexðTÞ

atμ0MS;SMðTÞ
; ð8Þ

where a is the atomistic lattice constant, t the layer
thickness, and MS;SMðTÞ the saturation magnetization of
the SM layer at the temperature T. The obtained
reduction of the intergrain exchange field acting on the
SM1 layer with decreasing coupling strength is illustrated
in Fig. 4(a). To ensure that the magnetization of the SM
layer points in the same direction as the HM layer
magnetization, we must claim that Hiex;SM ≥ Hs;max is
valid at room temperature. This requirement holds if the
remaining exchange coupling in the SM=Fe-Rh=HM struc-
ture at room temperature is larger than rexAiex;fullð0Þ.
Here, rex is the remaining fraction of exchange coupling,
with regard to full coupling at zero temperature, which is
required to stabilize the corresponding SM layer at room
temperature [see Fig. 4(b)]. Hence, rex is a measure for
the required remaining ferromagnetic moment of the
Fe-Rh layer at room temperature, which depends on
the composition of the whole grain.
The above considerations suggest that the Fe-Rh inter-

layer used must meet some requirements, like a remaining
ferromagnetic moment at room temperature. It has been
demonstrated that the remaining room-temperature ferro-
magnetic moment of FeRh depends on the annealing
temperature [37,38], on the composition [39], on the film
thickness, and on the extent of atomic ordering [40]. Hence,

(a) (b)

FIG. 3. (a) Slice through a medium with an area of
50 × 50 nm2, consisting of SM/HM grains with an average
diameter of 5 nm and a thickness of 10 nm. Colors are used
to distinguish between the HM and SM parts of the grains. The
stray field in the upper, highlighted SM part of the center grain is
evaluated. (b) Stray field distribution in the upper, highlighted
SM1 part of the center grain, produced by all neighboring grains
and the lower HM part of the center grain. The distribution is
computed from 1000 different media realizations.

(b)(a)

FIG. 4. (a) Intergrain exchange field of a HM layer acting on a
SM1 layer as function of the reduction of the intergrain exchange
constant. The exchange constant is normalized to the full exchange
at zero temperature. (b) Modulation function of the intergrain
exchange of an Fe-Rh interlayer in a SM1=Fe-Rh2=HM structure
(see Table III). rex denotes the remaining fraction of exchange at
low temperatures due to a remaining netmagneticmoment of FeRh
and T jump denotes the critical jump temperature of the first-order
phase transition in FeRh.

TABLE II. Average and maximum stray field in the soft
magnetic part of the center grain, as illustrated in Fig. 3.
Aiexð0Þ denotes the full exchange coupling between the soft
and hard magnetic layers at zero temperature.

Grain Aiexð0Þ μ0Hs;av μ0Hs;max

SM1=HM 25.75 pJ=m 634 mT 648 mT
SM2=HM 25.75 pJ=m 604 mT 614 mT
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for small films, it seems to be adjustable. As shown in the
following text, the critical temperature of the first-order
phase transition T jump is also an important quantity for the
proposed structure. T jump is known to be tunable in a wide
temperature range [16,41,42]. To quantify the exchange-
modulation function of the Fe-Rh layer, we use [43]

AiexðTÞ
Aiexð0Þ

¼ α tanh

�
T − T jump

ΔT

�
þ β: ð9Þ

Here, ΔT denotes the width of the transition, α is a scaling
parameter, and β is an offset parameter. According to
measurements of Fe-Rh thin films in Refs. [40,43], we use
a typical value of ΔT ¼ 20 K. The scaling and offset
parameters are computed from the requirement of the
remaining exchange-coupling fraction rex well below
T jump per

α ¼ 1 − rex
1 − tanh ð− T jump

ΔT Þ
;

β ¼ rex − α tanh

�
−
T jump

ΔT

�
: ð10Þ

The parameters for all of the examined SM=Fe-Rh=HM
structures are given in Table III.
Note that there are many requirements for the Fe-Rh

layer in the proposed structure. It is not clear if all of them
can be fulfilled. However, in this work, we aim to
investigate the potential benefits of SM=Fe-Rh=HM grains
in HAMR. Hence, we assume the desired properties.
Furthermore, the presented structures can serve as design
guidelines for experimental research on FeRh.

III. RESULTS

A. Recording performance

By means of the coarse-grained LLB model introduced
in Sec. II and the HAMR setup of Sec. II A, we simulate
footprints of the HAMR head on recording media consist-
ing of the grain types described in Sec. II B. Three different
head velocities are examined as displayed in Fig. 5. It is
assumed that a grain is located at each phase point of Fig. 5,
and 128 write trials are computed for each position. The
switching probability P is finally obtained from the fraction
of successfully reversed grains. In the case of bit-patterned

media, the presented phase diagrams directly determine the
switching probability of bits and, in the case of granular
media, they can be interpreted as average footprints of the
head. Hence, for both kind of media, conclusions can
be drawn.
Figure 5(a) shows narrow transitions for a head velocity

of 7.5 m=s and pure HM grains. For bit-patterned media
consisting of the same HM grains Ref. [10] demonstrated a
maximum areal storage density of about 13 Tbit=in2 if a
shingled write schema is used. Although the transitions
remain narrow at higher head velocities, dc noise becomes
a serious problem. The reason is the combination of a high
thermal gradient and a high head velocity, both of which
reduce the recording time window of the write process.
According to Ref. [13], the effective recording time
window (ERTW) is defined per

ERTW↑ ¼ ½tðTCÞ; tðTfÞ� ∩ ½t↑;start; t↑;final�; ð11Þ

where TC is the Curie temperature and Tf is the freezing
temperature. At Tf, the coercive field of a grain becomes
lower than the available write field. Hence, Eq. (11) depicts
the intersection of the time interval during which the
external field points in the write direction ½t↑;start; t↑;final�
and the time interval ½tðTCÞ; tðTfÞ�, during which the
coercive field of the grains is lower than the write field.
Only during the ERTW can the external field efficiently act
on the magnetization of the particles. If the recording time
window is smaller than a threshold value, the switching
process is not reliable, yielding dc noise (see Ref. [13]), in
the case of the pure HM grain and v ¼ 20 m=s.
The exchange spring SM/HM structure significantly

reduces dc noise even for higher head velocities, at the
expense of a much broader transition area due to the
increased ac noise, as Fig. 5(b) indicates. This is the case
because of the lower dHc=dT gradient near the Curie
temperature, which enlarges the recording time window
and thus reduces dc noise (but increases ac noise). This
means, in principle, that higher data rates are possible but
the distance between neighboring bits in bit-patterned
media or the transition jitter in granular media increases,
resulting in lower maximum areal densities (see Ref. [14]).
To quantify the transition width in the down-track

direction the switching probabilities along the center track
(y ¼ 0 in Fig. 5) are fitted with the cumulative distribution
function of the normal distribution, as demonstrated in
Fig. 6. The obtained standard deviation σ is a measure for
the transition jitter. The same fitting procedure along the
marked dashed lines in Fig. 5 is performed to extract the
transition width in the off-track direction. Table IV sum-
marizes the jitter values for all investigated grains and for
head velocities of 7.5 and 20 m=s, respectively.
As expected, the transition jitter of the SM/HM struc-

tures is significantly higher than in the pure HM grains in
both directions. The proposed SM1=Fe-Rh2=HM structure

TABLE III. Parameters, taken from Eqs. (9) and (10), defining
the intergrain exchange-modulation functions of FeRh in three
different grain structures.

Grain T jump (K) ΔT (K) rex (%) α β

SM1=Fe-Rh1=HM 442 20 0.0 0.50 0.50
SM1=Fe-Rh2=HM 444 20 8.0 0.46 0.54
SM2=Fe-Rh3=HM 466 20 6.7 0.47 0.53
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with a remaining ferromagnetic moment in the Fe-Rh
interlayer with rex ¼ 8% [for a definition of rex, see
Eqs. (9) and (10), as well as Fig. 4(b)] shows a reduction
of down-track jitter of about 20%–25% for both examined
head velocities (see Table IV) compared to ordinary
SM1=HM grains. As Fig. 5(c) indicates, no dc noise
appears independent of the head velocity. The off-track
jitter gain is even higher, with about 30% in the case of
v ¼ 7.5 m=s and 50% for v ¼ 20 m=s. Very similar
values are obtained for SM2=Fe-Rh3=HM grains with
rex ¼ 6.7%. SM2=HM grains show slightly higher jitter
values compared to SM1=HM structures with a higher
saturation magnetization in the soft magnetic part, but the
jitter reduction is almost the same for both analyzed grain
types, if a suitable Fe-Rh interlayer is used. Table IV
demonstrates that the jitter reduction can be notably

(a)

(b)

(c)

(d)

FIG. 5. Footprint of a HAMR head for three different velocities, written for (a) pure HM grains, (b) exchange-coupled SM1/HM grains,
(c) SM1/Fe-Rh2/HMgrains, and (d) SM1/Fe-Rh1/HMgrains. The color code illustrates the switching probabilityP of a grain located at the
corresponding position.P is computed from 128 switching trajectories, which try to reverse the magnetization from an initial down to an up
direction.AFWHMof20nmand an external field strength of 0.8T is assumed for all phase points and grain types. The contour lines separate
the areas with 0% and 100% switching probability. Along the vertical dashed lines, the off-track jitter displayed in Table IV is computed.

FIG. 6. Switching probability of a SM1=HM grain for a head
velocity of 20 m=s along the center track taken from Fig. 5(b). The
transition is fitted with the cumulative distribution function of the
normal distribution to extract a measure for the transition width.
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increased if the Fe-Rh interlayer is a perfect antiferromag-
net at room temperature (rex ¼ 0%). The reason will
become clear in Sec. III B. This structure is investigated
to show the maximum possible gain of the interlayer. It
cannot be used in a real device due to the decoupled soft
magnetic layer at room temperature, which would deterio-
rate the read-back signal.
In a nutshell, the presented footprints of a HAMR head

and the corresponding jitter calculations show that a
medium consisting of well-designed SM=Fe-Rh=HM
grains can significantly reduce the transition jitter in both
the down-track and the off-track direction while maintain-
ing a low dc error. At high temperatures, the structure
behaves like an ordinary SM/HM grain because, well above
T jump, the exchange coupling between SM and HM layer
has full strength. Hence, dc noise does not arise even at
high head velocities. Although the transitions in pure HM
grains are narrower, SM=Fe-Rh=HM grains could be a
good compromise for intermediate to high AD, if the
requirements for the Fe-Rh interlayer can be met.

B. Origin of jitter reduction

To understand the reason for the reduction of the
transition jitter presented in Sec. III A, the dependence
of the freezing temperature Tf on the intergrain exchange
coupling Aiex between the SM and HM layers must be
analyzed. For this purpose, we compute the temperature-
dependent coercivity of the SM/HM grains for various
values of Aiex by means of Eq. (2). Exemplarily, Fig. 7(a)
illustrates the temperature-dependent coercivity of a
SM1=Fe-Rh=HM grain with full intergrain exchange cou-
pling (25.75 pJ=m). To obtain Hc at each temperature,
repeated easy-axis hysteresis loops are simulated by means
of the stochastic LLB equation. Each hysteresis loop is
simulated at a constant temperature and a sweep rate of
100 mT=ns. Statistics of 100 loops yield values of the
average coercivity and the corresponding standard
deviation. The freezing temperature can be evaluated as
the temperature at which Hc ¼ Hext. Figure 7(b) displays
Tf for both investigated SM/HM structures and for various
intergrain exchange couplings. Both grain types show the
same qualitative behavior. Tf is almost constant over a wide

range of exchange couplings. Only for very small couplings
does the freezing temperature increase. The minimum value
of Tf differs based on the saturation magnetization of
the SM part. This dependence of the coercivity on the
intergranular exchange is well known in the case of thin
exchange-coupled structures [44–46].
The reduction of the off-track jitter in Sec. III A can now

be understood by the increase of Tf with small exchange
couplings. To make this clear, Fig. 8 again shows the
footprint of a HMAR head with v ¼ 20 m=s written on
SM1=HM grains [see also Fig. 5(b)]. In this plot, the off-
track direction is replaced by the maximum temperature of
the heat pulse which reaches the grain [see Eq. (6)].
Additionally, the modulation function of the exchange
coupling of Fig. 4(b) is displayed as an overlay. The
T jump of the Fe-Rh interlayer is slightly above the minimum
freezing temperature for the full coupling Tf;min. As a
consequence, at the off-track edge of the footprint, the
exchange coupling is already small enough that the freezing
temperature of the structure increases [see Fig. 7(b)]. Hence,
the heat assist is too low to switch the grains and the border of
the transition shifts to higher temperatures. At T jump, 50% of
the full exchange coupling is available. Based on the
findings of Fig. 7(b), the SM1=Fe-Rh=HM structure still
has the full exchange-spring effect, and the footprint does

(a) (b)

FIG. 7. (a) Coercivity as a function of temperature for a
SM1=HM grain. Each data point (value and standard deviation)
is obtained from 100 hysteresis loops at a constant temperature
and with a sweep rate of 100 mT=ns. (b) The freezing temper-
ature Tf versus the exchange coupling between the soft magnetic
and the hard magnetic layer for SM1=HM and SM2=HM grains,
if an external field of 0.8 T is applied. The exchange coupling is
normalized to the full interaction strength at zero temperature.

TABLE IV. Transition jitter in the down-track and off-track directions for various grain types and head velocities. The jitter reductions
of the SM=Fe-Rh=HM structures refer to the corresponding ordinary SM/HM grains.

v ¼ 7.5 m=s v ¼ 20 m=s

Grain rex (%) σdown (nm) σoff (nm) σdown;red (%) σoff;red (%) σdown (nm) σoff (nm) σdown;red (%) σoff;red (%)

HM � � � 0.20 0.27 � � � � � � 0.39 0.23 � � � � � �
SM1=HM � � � 0.55 0.74 � � � � � � 0.70 0.49 � � � � � �
SM2=HM � � � 0.62 0.83 � � � � � � 0.70 0.51 � � � � � �
SM1=Fe-Rh1=HM 0.0 0.33 0.33 −39.19 −55.07 0.52 0.09 −25.86 −81.68
SM1=Fe-Rh2=HM 8.0 0.41 0.51 −24.23 −30.83 0.55 0.25 −20.75 −49.26
SM2=Fe-Rh3=HM 6.7 0.45 0.54 −27.13 −35.01 0.50 0.27 −27.88 −47.83
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not change compared to the ordinary SM1=HM structure.
This means that the width of the transition becomes smaller,
which is confirmed by the off-track jitter reduction displayed
in Table IV.
The same mechanism of increasing Tf at low temper-

atures or weak exchange coupling is also responsible for
the jitter reduction in the down-track direction. During
cooling of a grain, the exchange interaction decreases from
the full to the minimum coupling, and Tf thus increases.
Based on Eq. (11), the ERTW becomes smaller as a
consequence. A fast-decreasing ERTW directly implies a
limitation of the transition area, and thus a jitter reduction.
Nevertheless, the down-track jitter will not vanish even if
the phase transition of the Fe-Rh layer becomes infinitely
sharp [ΔT → 0 in Eq. (9)]. For ΔT ¼ 0, the freezing
temperature of a SM=Fe-Rh=HM structure suddenly
increases to that of a pure HM grain at T jump. As a
consequence, the recording time window does not vanish—
it reduces to that of a pure HM structure. Hence, the
down-track jitter reduces, at most, to that of a pure
HM grain.
Note that the jitter reduction increase strongly depends

on the maximum increase of Tf at low temperatures.
Hence, it is clear that SM1=Fe-Rh1=HM grains with
rex ¼ 0% show a larger jitter reduction. However, rex is
limited, as discussed in Sec. II C. In these considerations,
the stray field of granular media is analyzed. For bit-
patterned media with larger spacings between the individ-
ual islands, the requirements on rex may be relaxed. For
Fe-Rh/HM without an additional soft layer [16], the

mechanisms should be similar and larger jitter reductions
can be expected. Nevertheless, such structures have prob-
lems during read back due to the vanishing magnetic
moment of Fe-Rh at room temperature.
From the above considerations, we see how important

the proper design of the SM=Fe-Rh=HM grains is. For both
analyzed structures, a clever choice of T jump and rex yields
very similar jitter reductions. On the other hand, there exists
some tolerance for the production of the Fe-Rh interlayer if
the soft magnetic layer is adapted.

C. Low soft-layer damping

Since high damping in the SM layer might require a
significant research effort on soft magnetic alloys, we
analyze in this section how the demonstrated jitter reduc-
tion is influenced if the damping is reduced. For this reason,
we compare both the off-track jitter and the down-track
jitter of a SM1=HM and a SM1=Fe-Rh2=HM grain
with λ ¼ 0.1 in the soft layer. For a head velocity of
v ¼ 20 m=s, Table V displays the resulting jitter values.
The Fe-Rh interlayer still reduces the jitter in both
directions, but not as much as in the case of high damping
in the SM1 layer. The reason is that the maximal shift of the
freezing temperature ΔTf from full coupling at high
temperatures Tf;min to minimal coupling at room temper-
ature Tf;max (rex ¼ 8%) is reduced by 29% compared to the
case with λ ¼ 1 in the soft layer. Obviously, the exchange-
spring effect of the Tf;min reduction weakens with lower
damping. As a consequence, the narrowing of the transition
in the off-track direction, as described in Sec. III B,
decreases, resulting in a decreased off-track jitter reduction.
The smaller ΔTf also implies a slower change of Tf with
temperature. This effect can explain the decreased jitter
reduction in the down-track direction because, with a
slower varying freezing temperature, the ERTW also
decreases slower. Additionally, our simulations show that
the switching-time distribution for a SM1=HM grain
increases with a lower damping in the soft part. This is
a reason for the significantly larger absolute down-track
jitter compared to a HM/SM1 grain with λ ¼ 1 and also
influences the possible jitter reduction.
In a nutshell, the presented results and considerations

show that the basic mechanisms, which are responsible for
the jitter reduction due to an Fe-Rh interlayer, do not
change for smaller damping in the soft layer. Nevertheless,

FIG. 8. Footprint of SM1=HM grains and a head velocity of
20 m=s taken from Fig. 5(b). The off-track axis is replaced with
the maximum temperature of the heat pulse, arising at the
corresponding off-track position of the grains. The intergrain
exchange modulation function of Fig. 4(b) is plotted as an
overlay.

TABLE V. Transition jitter in the down-track and off-track
directions of a SM1=HM and a SM1=Fe-Rh2=HM grain with
λ ¼ 0.1 in the soft layer. The used head velocity is 20 m=s.

Grain rex (%) σdown σoff

SM1=HM � � � 1.17 nm 0.37 nm
SM1=Fe-Rh2=HM 8.0 1.05 nm 0.23 nm

−9.71% −36.82%
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the lower jitter reductions and, above all, the large down-
track jitter of SM1=HM and SM1=Fe-Rh2=HM structures
with lower damping in the soft layer encourage the effort to
produce high-damping materials.

D. Short heat pulses

Another interesting aspect of the proposed SM=Fe-Rh=HM
structure arises if heat pulses, shorter than the field pulse
duration, are used to assist the write process. In such a
situation, the external field can be assumed to be constant
during the write process. We further assume that Tmax is
smaller than the Curie temperature of the HM layer. Hence,
the magnetization reversal takes place during heating of the
grain and not during cooling because the particle never
becomes paramagnetic. Under these circumstances, the
switching-time distribution of SM=Fe-Rh=HM grains is
significantly shorter than that of the corresponding ordinary
SM/HM grains, as illustrated in Fig. 9(c). Here, the
switching time of 50 000 switching trajectories with
Tmax ¼ 500 K and a pulse duration of σpulse ¼ 140 ps
are evaluated for three grain types. The last zero crossing
of the z component of the magnetization of each layer
determines the corresponding switching time. The standard

deviations of the obtained switching-time distributions are
given in Table VI. The distribution decreases by a factor of
6 in the case of a SM1=Fe-Rh1=HM structure with rex ¼
0% and by a factor of 4 if rex ¼ 8% is assumed. The
remaining ferromagnetic moment of the Fe-Rh interlayer
does not influence the reduction much.
The reason for the narrowing of the switching-time

distribution is displayed in Figs. 9(a) and 9(b), where
one randomly chosen magnetization trajectory of the HM
and SM1 layers is shown for both grain types. Without an
Fe-Rh interlayer, the SM1=HM grain has full exchange
during the whole write process. The layers are strongly
coupled at all times and switch together at T ≥ Tf;min. By
contrast, the SM1 and the HM layer decouple for the
external field used with a strength of 0.8 T at the beginning
of the simulation for low temperatures. Since Hext >
Hiex;SM1 is valid, the soft magnetic layer switches, whereas
the hard magnetic layer does not, due to its high coercivity.
Above T jump, the exchange-spring effect reaches full
strength. Hence, the SM1 layer can bias the HM-layer
magnetization during switching, which significantly
reduces the switching-time distribution.
The presented situation would occur for pulsed

HAMR. In this technique, a laser spot moves over a
recording medium and is switched on only at the desired
write position; otherwise, it is switched off. To ensure
high data rates, very short pulses with durations of about
100–200 ps are required. It is shown that, for such short
pulses, dc noise is an issue for pure Fe-Pt–like grains
[14] due to the short recording time window. The
presented SM=Fe-Rh=HM structure could solve this
problem due to its reduced switching-time distribution.
Because of the low heat-pulse temperatures, which are
lower than the Curie temperature of all involved materi-
als, all kinds of noise originating from thermal effects
could be significantly reduced.

IV. CONCLUSION

In this theoretical work, we extensively investigate the
benefits and problems associated with an exchange-
coupled structure with a high- and a low-TC part and an
Fe-Rh interlayer for heat-assisted magnetic recording
(HAMR). The Fe-Rh layer, having a first-order phase

(a) (b)

(c)

FIG. 9. Switching trajectories of soft and hard magnetic layers
in (a) an ordinary SM1=HM and (b) a SM1=Fe-Rh2=HM
structure. A constant external field with μ0Hext ¼ 0.8 T in the
up direction, as well as a heat pulse with σpulse ¼ 140 ps and
Tmax ¼ 500 K, is assumed. (c) Switching time distribution
obtained from 50 000 switching trajectories, as displayed in
(a) and (b), for three grain types.

TABLE VI. Switching-time distribution of various grain types.
As illustrated in Fig. 9, the distribution for each grain type is
obtained from 50 000 switching trajectories with a pulse duration
of σpulse ¼ 140 ps and a maximum pulse temperature of
Tmax ¼ 500 K. A constant external field is assumed.

Grain rex (%) σsw (ps)

SM1=HM � � � 26.3
SM1=Fe-Rh1=HM 0 4.2
SM1=Fe-Rh2=HM 8 6.5
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transition from an antiferromagnetic phase at room temper-
ature to a ferromagnetic phase at high temperatures, tunes
the exchange coupling between a SM high-TC layer and a
HM low-TC one. The coupling has its full strength at high
temperatures, and at room temperature the exchange
interactions reach their minimum. It is assumed that there
remains a net ferromagnetic moment in the Fe-Rh layer
even at low temperatures, which is large enough to stabilize
the magnetization of the SM layer along the direction of the
HM-layer magnetization, in order to achieve a high read-
back signal. We calculate footprints of a typical HAMR
head on various grain types, with a coarse-grained LLB
model. These footprints show that the transition jitter of the
proposed SM=Fe-Rh=HM structures is significantly
reduced in both the down-track direction (by 20%–30%)
and the off-track direction (by 30%–50%) compared to
ordinary SM/HM grains. Additionally, because of the
exchange-spring effect, no dc noise occurs—even at high
head velocities and high write temperatures—in contrast to
pure Fe-Pt grains. The origin for the transition jitter
reduction is found to be a fast-increasing coercivity, or
fast-increasing freezing temperature, during cooling of the
SM=Fe-Rh=HM structure.
Furthermore, a significant reduction of the switching-

time distribution of SM=Fe-Rh=HM grains, by a factor of
4, is found if short heat pulses, shorter than the write-field
duration, are used. This reduction can be obtained if the
maximum temperature of the heat pulse is smaller than the
Curie temperature of the involved materials. The decrease
of the switching-time distribution is based on a decoupling
of the SM layer and the HM layer at room temperature, at
which the Fe-Rh interlayer has a small or no net magnetic
moment. Hence, the SM layer can independently switch in
the write direction, and it thus can bias the HM layer at
higher temperatures. This mechanism narrows the
distribution of the switching times compared to ordinary
SM/HM grains.
The proposed grain with an Fe-Rh interlayer in the

middle of the SM/HM structure seems to combine the best
of pure HM and ordinary SM/HM grains. However, all
presented results assume that a sufficiently thin Fe-Rh layer
can be produced, which meets two basic requirements: (i) a
net magnetic moment at room temperature, which is large
enough to stabilize the SM layer but low enough that a
pronounced phase transition is preserved, and (ii) a critical
temperature of the phase transition which can be adapted.
Individually, both properties seem to be physically pos-
sible, but it still requires some research effort to achieve
both properties at the same time. This work demonstrates
the benefits and chances of such a SM=Fe-Rh=HM
structure. If requirement (i) is not obtainable, the presented
results can still be instructive to explain the mechanisms
how an Fe-Rh capping layer in Fe-Rh/HM grains, as
proposed in Ref. [16], can influence magnetic noise
compared to pure Fe-Pt grains.
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