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A B S T R A C T   

Multi-level magnetic recording is a new concept for increasing the data storage capacity of hard disk drives. 
However, its implementation has been limited by a lack of suitable media capable of storing information at 
multiple levels. Herein, we overcome this problem by developing dual FePt-C nanogranular films separated by a 
Ru-C breaking layer with a cubic crystal structure. The FePt grains in the bottom and top layers of the developed 
media exhibited different effective magnetocrystalline anisotropies and Curie temperatures. The former is 
realized by different degrees of ordering in the L10-FePt grains, whereas the latter was attributed to the diffusion 
of Ru, thereby enabling separate magnetic recording on each layer under different magnetic fields and tem
peratures. Furthermore, magnetic measurements and heat-assisted magnetic recording simulations showed that 
these media enabled 3-level recording and could potentially be extended to 4-level recording, as the ↑↓ and ↓↑ 
states exhibited non-zero magnetization.   

1. Evolution of magnetic recording 

The digital transformation from Industry 4.0 to 5.0 has resulted in 
significant growth in big data, increasing the demand for data storage 
[1–3]. However, with the expected increase in energy consumption 
owing to the construction of more data centers, an environmentally 
friendly solution is required to satisfy this demand. One solution in
volves increasing the storage capacity of hard disk drives (HDDs), which 
currently serve as the primary storage devices in data centers. HDDs 
comprise a spinning disk coated with a nanogranular ferromagnetic 
layer (media) and read/write head that magnetically reads and writes 
data to the disk. The storage capacity of HDDs is determined by the bit 
size, which refers to the physical dimensions of the region on the media 
where several ferromagnetic nanograins are magnetized in the same 
direction. Reducing the bit size facilitates increased data storage in the 
same physical space [4], thereby increasing the areal density of data bits 
from the current value of 1.5 Tbit/in2 to 4 Tbit/in2 and beyond [3–8]. 
This is achieved by reducing the grain size of the granular media while 
maintaining the long-term thermal stability of the data by satisfying the 

condition KuV/kBT > 60, where Ku is the uniaxial magnetocrystalline 
anisotropy constant, V is the volume of a grain, kB is the Boltzmann 
constant, and T is the temperature [9,10]. This condition is fulfilled by 
L10-FePt granular media, where FePt grains with a very high Ku ≈7 
MJ/m3 are uniformly dispersed in a nonmagnetic segregant [7,9,11,12]. 
However, this medium cannot be used in conventional recording tech
nologies because it requires a high magnetic field, more than 3 T, for the 
writing process. This problem is overcome via heat-assisted magnetic 
recording (HAMR), which facilitates the writing of data on high-Ku and 
high-coercivity (Hc) media materials [11,13]. Unlike conventional 
recording, HAMR equips a write head with a near-field transducer (NFT) 
to heat a small area on the recording media around its Curie temperature 
Tc, thereby lowering the high-Ku locally and enabling the switching of 
the magnetization direction by a write field generated from the write 
head (Fig. 1(a)). The grains are heated as a result of the internal current 
generated within the grains themselves, induced by the localized electric 
field produced by the NFT which is located near to the grains. 

According to the Advanced Storage Research Consortium (ASRC), 
the primary focus for increasing the areal density in HAMR is to improve 
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the nanostructure of the granular FePt-X media [7,9], where X indicates 
nonmagnetic segregants. By refining the grain size to 4.3 nm and 
obtaining a high degree of L10-order, the areal density is expected to 
reach 4 Tbit/in2 [7,9,10,14,15]. To achieve such a fine microstructure, 
various X, including metal oxides, B, h-BN, B4C, and C, have been added 
to FePt-based granular films, with C and h-BN providing a small average 
grain size, <D>= 5–8 nm while maintaining uniaxial anisotropy [11, 
14-20]. Thus, a maximum areal density of 2.77 Tbit/in2 was achieved by 
Seagate for a demo HAMR [3]. 

However, FePt grains smaller than 4 nm (<D> < 4 nm) cannot 
maintain their crystallographic L10 order, resulting in thermal fluctua
tions of the magnetization owing to the low anisotropy energy [18]. 
Therefore, increasing the areal density of future generations of HDD 
recording media requires a new recording concept that is not reliant on 
grain size miniaturization [8,21]. One solution is bit-patterned media (1 
bit = 1 grain) instead of granular media (1 bit = multiple grains). Nu
merical calculations predicted that bit-patterned media can achieve an 
areal density of 10 Tbit/in2 [21–23]. However, bit-patterned media 
cannot be mass produced because of their costly nanofabrication pro
cess. Another solution involves the use of multi-level recording [24–26], 
as explained in the following Section. 

2. Concept of multi-level recording in HAMR 

A multi-level recording concept has been proposed for HAMR tech
nologies, which uses media comprising multiple recording layers with 
different Tc and controls the magnetization reversal in each layer by 
tuning the temperature of the heated spot [27–29]. Fig. 1 shows a 
schematic of the dual-layer version of a multi-level HAMR in comparison 
with the traditional single-layer version of a 2-level HAMR. The 
single-layer version employs a constant laser power to heat a small 

region of the magnetic layer around Tc, and the write field is used to 
switch the magnetization direction between the up ↑ (“1″) and down ↓ 
(“− 1”) magnetization states. This facilitates the storage of a single bit of 
data (Fig 1(a)) [7,13]. Following the magnetization switch, the heated 
region is rapidly cooled under an applied field to store the magnetic 
polarity of the region. 

It should be noted that even in a single layer of sufficient thickness, it 
may be possible to realize multiple magnetization states with one-pass 
recording via random pinning of a reverse domain due to thermal 
fluctuations during the cooling of the FePt grains [30]. However, in the 
dual-layer version, multi-level recording is achieved through a two-pass 
recording process, wherein the Curie temperature of the bottom layer, 
Tc2, is higher than that of the top layer Tc1 (Tc1 < Tc2) [29,31]. This 
version assumes a 1:1 grain growth correlation between the top and 
bottom layers. The layers are separated by a thin, metallic granular 
exchange-breaking layer, facilitating efficient heat conduction from the 
top layer to the bottom layer. In the first write, the laser power is high to 
align the magnetization direction of the bottom layer with the polarity of 
the write field. Moreover, during the first write, the top layer is inevi
tably also written because of its low Tc, resulting in the same magneti
zation pattern being written to both layers, i.e. the up ↑↑ (“1″) and down 
↓↓ (“− 1”) magnetization states, similar to single-layer HAMR. There
after, in the second write, the laser power is lowered to facilitate writing 
in only the upper layer without disturbing the magnetization configu
ration of the bottom layer. This process produces four magnetic states 
corresponding to ↑↑ (“1″), ↓↓ (“− 1”), ↑↓ (“0″), and ↓↑ (“0”), as shown in 
Fig. 1(b). These additional magnetization states extend the recording 
from the conventional 2-levels to 3-levels, and can potentially be 
extended to 4-levels if the read head can distinguish between the ↑↓ and 
↓↑ states. 

Experimentally, Tc1 can be differentiated from Tc2 either by varying 

Fig. 1. Schematic of the concept of multi-level magnetic recording compared to current 2-level magnetic recording technology in hard disk drives. In both cases, a 
small area on the recording medium is heated to approximately its Tc to switch the magnetization. The arrow indicates the writing direction. An optical transducer 
provides a Gaussian heat spot (red color) utilized to heat the area. The magnetic state is stored by cooling the heated area to ambient temperature. (a) In the 
conventional 2-level recording, the laser power is set as a constant, and magnetization switches by changing the polarity of the write field to obtain a magnetization 
pattern with (↑ (“1″) and ↓(“− 1”)). (b) For multi-level recording, the laser power is tuned along with the polarity of the write field to manipulate the magnetization 
switching of each layer. During the first write operation, a high laser power is set to heat a small area above Tc2 of the bottom layer (T>Tc2) and thus write both 
layers. During the second write, the laser power is lowered below Tc2 (T>Tc1) to write only the top layer. This delivers four different magnetic states (↑↑ (“1″), ↓↓ 
(“− 1”), ↑↓ (“0″), and ↓↑ (“0”)) which correspond to a 4-level recording. The recording medium is only a few nm thick, while the breaking layer is half that thickness. 
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the Fe content in FePt or by using various additives in FePt, such as Cu, 
Ni, Cr, Mn, B, and Ag [11,12,15,17,29,32-35]. These layers can be 
magnetically decoupled by introducing a breaking layer between them. 
In this study, we developed the first experimental synthesis of a 
multi-level recording medium. Its nanostructure, 
magnetization-switching mechanism, and read/write performance were 
investigated using experimental and numerical tools. 

3. Experimental techniques 

All the films were prepared using an ultrahigh-vacuum co-sputtering 
system with a base pressure of approximately 10− 7 Pa (Fig. 2). To 
investigate the breaking layer, FePt (17 nm)/X (with a gradual thickness 
(2–7 nm)/ FePt (17 nm)) was deposited on an STO (001) substrate at 500 
◦C for X = Ru, Cu, and Pt. These film stacks were grown using a Fe50Pt50 
target. The dual-layer films were patterned into Hall bars for transverse 
Hall bar resistance measurements. An alternating MgO/ Fe51Pt49–C film 
stack (20 vol.%) (4.5 nm)/ Fe51Pt49 (0.26 nm)/Ru-C (20 vol.%) (2.9 
nm)/Ru (0.11 nm)/ Fe51Pt49–C (20 vol.%) (4.5 nm)/C-cap was grown at 
500 ◦C as a granular, dual layer medium. The average heights of the 
layers (FePt-C (5.5 ± 0.7 nm)/Ru-C (3.0 ± 0.6 nm)/ FePt-C (5.1 ± 0.6 
nm)/) obtained from the EDS maps were consistent with the design. 
Thin FePt and Ru layers were deposited to prevent C migration. A C 
capping layer was deposited at 300 K to prevent surface oxidation. MgO 
single-crystal substrates are preferred for promoting a strong [001] 
texture and minimizing misorientation in (001)-textured FePt grains [9, 
36]. The film stack of MgO/FePt-Ru (30 nm)/C-cap (4.5 nm) with the 
composition of Fe42(Pt58-xRux) for x = 0, 0.5, 2, 4 and 8 at.% was grown 
at a substrate temperature of 500 ◦C to perform the comparisons. All film 
stacks were grown by co-sputtering FePt targets with the composition of 
Fe51Pt49 with Ru or C targets. 

X-ray diffraction (XRD) Rigaku SmartLab with a Cu X-ray source was 
used for crystallographic and degree of L10 order analyses. Electron- 
transparent thin specimens were prepared for transmission electron 
microscopy (TEM) using a focused ion beam lift-out technique (FEI 
Helios Nanolab 650). To prevent damage during the ion beam milling, 
the film surfaces were coated with Ni. TEM was performed using a Titan 
G2 80–200 with a probe aberration corrector. Energy-dispersive X-ray 
spectroscopy (EDS) was conducted using an FEI Super-X EDX detector. A 
7 T Quantum Design superconducting quantum interference device 
magnetometer (SQUID) was used for the magnetic measurements. The 
films were embedded in high-temperature cement for the measurements 
at temperatures above 380 K. The Curie temperature (Tc) was deter
mined by the least squares fitting using Kuz’min’s equation [37]. The 
magnetization direction (θM) dependences of torques were measured 
using the anomalous Hall effect to deduce the first- and second-order 
uniaxial anisotropy constants K1 and K2 as described by Ono et al. [38]. 

4. Micromagnetic approximation of hysteresis loops 

A finite element model of a dual-layer FePt granular medium was 
developed using Voronoi-based tessellation. The bottom layer was rep
resented by 5 nm thick columnar grains with a top-view grain size of 
12.5 (2.0) nm, which reproduced the experimental grain size 

Fig. 2. Schematic representation of film structures for (a) STO / Fe50Pt50 (17 
nm) / X (2–7 nm) / Fe50Pt50 (17 nm) for X = Ru, Cu, and Pt (b) MgO / 
Fe51Pt49–C (20 vol.%) (4.5 nm) / Fe51Pt49 (0.26 nm) /Ru-C (20 vol.%) (2.9 nm) 
/ Ru (0.11 nm) / Fe51Pt49–C (20 vol.%) (4.5 nm) / C where pink indicates the 
thin FePt layer and light green indicates the thin Ru layer (c) MgO / FePt-Ru (30 
nm) / C (4.5 nm) where Fe42(Pt58-xRux) for x = 0, 0.5, 2, 4 and 8 at.%. 

Fig. 3. Microstructural features of FePt/Ru/FePt continuous film. (a, b) HAADF 
and STEM-EDS maps of Fe, Pt, and Ru with (c) line scan for FePt (17 nm)/Ru (2 
nm)/FePt (17 nm). c EDS line scan reveals the difference in the composition of 
the top and bottom layers, with a trace amount of Ru diffusion into the bottom. 
(d) Transverse normalized Hall-bar resistance (Rxy) measurement as a function 
of the external magnetic field, where Rxy corresponds to the out-of-plane of the 
magnetization, showing that each layer has a different switching field. 
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distribution. The top layer with a thickness of ttop was fabricated by the 
out-of-plane translation of the bottom layer through a 3-nm-thick 
nonmagnetic gap (breaking layer). Following the TEM observations of 
the real samples, in-plane variants were introduced into the model by 
randomly splitting certain grains into several regions with mutually 
orthogonal easy magnetization axes. The total volume fractions of the 
in-plane variants were controlled in both layers using Vtop and Vbot. The 
magnetic anisotropy constant was prescribed to the grains following 
different distributions with Ktop and Kbot mean values for the top and 
bottom layers, respectively. Note that for each individual grain, the 
same anisotropy constant was considered in all the variants that it 
comprised. The saturation magnetization and exchange stiffness values 
were assumed to be the same for all grains, that is, μ0Ms = 1.43 T and A =
10 pJ/m, respectively [39]. Micromagnetic simulations were performed 
using the FastMag software by solving the Landau–Lifshitz–Gilbert 
equation with a damping constant α = 1 [40]. The parameters ttop, Vtop, 
Ktop, Vbot, and Kbot were varied in a grid-search manner to approximate 
the experimental hysteresis loops. 

5. Multilevel HAMR recording simulation 

The model used the Landau–Lifshitz–Bloch equation, which is suit
able for modeling the behavior of magnetic materials at temperatures up 
to and beyond Tc [41]. The temperature dependence of Ms was calcu
lated by assuming a Brillouin function with J = 1, and Ku was derived 
from Ms as Ku(T) ~ Ms(T)2 [42]. Each image depicts the average 
magnetization of 50 tracks, where a magnetic head was used to read or 
write data. The simulation parameters used were the experimental Tc 
and predicted Ku based on the experimental M-H loops. The recording 
medium had an average grain size, average grain pitch, and grain size 
distribution of 13 nm, 14 nm, and 19%, respectively. The top and bottom 
layers were both 6 nm thick, separated by a 3 nm nonmagnetic layer. 
The heat spot was moved along the medium at a velocity of 4 m/s. The 
ambient temperature was set at 300 K. The heat spot had a 
two-dimensional Gaussian temperature distribution in the media, with a 
half width at half maximum (HWHM) of 50 nm, i.e. the temperature at 
50 nm distance from the center of the heat spot was 300 + [0.5 × (Tmax - 
300)] K, where Tmax was the maximum temperature. 

6. Results and discussions 

6.1. Breaking layer 

We experimentally investigated various nonmagnetic metallic 
breaking layers (BL) to magnetically decouple the top and bottom 
recording layers to realize multi-level recording. An ideal BL should 
facilitate the growth of the top FePt layer with a smooth and flat surface, 
high Ku, and (001) epitaxy. To select the most appropriate BL, we first 
modeled the idealized interface between the FePt layers using a 
continuous film, not a granular one. Consequently, the effects of 
mismatch strain and surface roughness were minimized, and only the 
effect of the BL on the magnetic properties, particularly on the switching 
separation, was investigated. Ru, Cu, Pt, and W were considered for use 
as a BL owing to their small lattice mismatch (0.5–1.7%) with FePt 
(Supplementary Fig. S1). High-magnification, cross-sectional high-angle 
annular dark field (HAADF) and scanning transmission electron micro
scopy (STEM) images showed that, among these elements, only Ru and 
Pt exhibited a flat interface with (001) epitaxial growth (Fig. 3 (a,b) and 
Supplementary Fig. S2). Currently, Pt is not considered because both 
layers exhibit the same composition, resulting in similar Tc1 and Tc2 
values in their M-T curves. In contrast, compositional differentiation 
occurs in the case of face-centered cubic (fcc) Ru [43]. The 
energy-dispersive X-ray spectroscopy (EDS) line scan profile shows the 
difference in the composition of the top (Fe39Pt61) and bottom (Fe42Pt58) 
layers and the diffusion of trace amounts into the bottom within a depth 
of approximately 1 nm from the Ru layer (Fig. 3(a,c)). This is expected to 
induce a difference in the Tc values, which is essential for multi-level 
recording [44]. In addition, despite the predominant (001) epitaxy, 
the top FePt layer also displayed in-plane variants and a lack of L10 order 
during the initial stage of growth (~1 nm) (Fig. 3(a,b)). This affects the 
effective anisotropy, thus varying the switching field and resulting in a 
step-like behavior in the Hall bar resistance measurement corresponding 
to the two coercivity values (Fig. 3(d)). The W and Cu breaking layers 
formed unexpected (111) epitaxies and island-like microstructures, 
respectively, as shown in Supplementary Fig. S3. 

Although Ru magnetically decoupled the top and bottom layers, it 
diffused locally into the bottom layer and created local variants and 
disordered regions in the top layer. Therefore, to understand the 

Fig. 4. Overall nanostructure of the developed media for multi-level magnetic recording is shown in (a) HADDF image (b) EDS map for FePt-20 vol.% C/Ru- 20 vol% 
C/FePt-20 vol% C of granular dual layer media shows that FePt-C layers are separated by using a Ru-C breaking layer. (c, d) High magnification HADDF images 
indicate that the additional in-plane variants are present on the top layer, in addition to the (001) texture. (e) High magnification EDS map with (f, g) its line scan 
revealing that Ru diffuses to both the layers and the intergranular region. 
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comprehensive effect of Ru on the magnetic properties and chemical 
order, a continuous FePt layer was grown on MgO substrates with Ru 
contents of x = 0, 0.5, 2, 4, and 8 at.%. Ru substitution decreased the L10 
order while increasing the lattice parameter c (Supplementary Fig S4). 
Therefore, one reason for the partially disordered region could be the 
diffusion of Ru into the FePt layers, which results in a different strain 
state owing to the expansion of the lattice parameter. 

The effective anisotropy constant of Ku for x = 0 in Fe42Pt58 was 3.06 
MJ/m3 at 300 K, which is consistent with the literature [45]. Increasing 
the Ru content to x = 8 in Fe42(Pt58-xRux) decreased Ku to 0.8 MJ/m3 

(Supplementary Fig. S5) [35]. Therefore, Ku as well as Hc, can be 
modified in each layer via Ru substitution or diffusion. Further, Tc 
decreased from 610 K for Fe42Pt58 to 540 K via the substitution of a small 
amount of Ru in Fe42Pt57.5Ru0.5 (Supplementary Fig. S6 (a,b)) [35,44, 
46]. The modification of Ku and Tc via Ru introduction benefits 
multi-level recording by controlling the magnetization reversal in each 
layer if the Ru substitution remains at x ≤ 0.5 at.%. 

6.2. Dual nanogranular magnetic layers 

Dual nanogranular magnetic layers as a multi-level recording 

medium was obtained by growing a (001)-textured FePt-20 vol.% C 
granular bottom layer (4.5 nm) on a MgO (001) substrate, followed by a 
Ru-C breaking layer (2.9 nm) and FePt-C granular top layer. This was 
confirmed via the cross-sectional HAADF-STEM image and EDS map in 
Fig. 4 (a,b). Carbon is preferred as a segregant to reduce the average 
grain size and maximize the grain density while maintaining the L10 
order [14,39,47]. The FePt grains primarily exhibited a columnar shape 
with a relatively flat surface and certain curved grains. In Fig. 4(c), the 
high-magnification HADDF image reveals that the FePt grains in the 
bottom layer exhibit mainly well L10-ordered (001) texture with some 
in-plane variants. In contrast, the FePt grains in the top layer exhibit 
more in-plane variants and partially disordered regions. The EDS maps 
and line scans in Fig. 4(e-g) show that Ru diffused to both layers and to 
the intergranular region. To investigate the influence of the Ru-C BL on 

Fig. 5. Microstructure of granular FePt-C/Ru-C/FePt-C films and correspond
ing magnetization curves. (a) In-plane bright-field TEM images, with an inset 
showing the grain size distribution, reveal that the average grain size is 12.7±
5.7 nm. (b) Corresponding out-of-plane (⊥) and in-plane (//) magnetization 
curves show that μ0Hc1= 0.24 T and μ0Hc2 = 3.82 T. Fig. 6. (a) Top view of the micromagnetic model of dual-layer FePt media with 

an enlarged grain showing in 3D the splitting of the top layer into in-plane 
variants (a and b variants). (b) Estimated parameters for the FePt-C/Ru- C/ 
FePt with 20% vol. of C in each layer, that is, mean magnetic anisotropy con
stant (Ku) and its standard deviation, the volume fraction of the in-plane vari
ants (V), and layer thickness (t). (c) The simulated (line) and experimental 
(dots) M-H curves are shown together. Besides the best approximation of the 
experimental data, simulated curves (displayed with orange and green color) 
also show potential M-H curves if Ktop and Vtop are improved. 
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the degree of the L10 order, the XRD patterns of the single- and 
dual-layer media were evaluated. The large chemical order parameter, S 
= 0.8, of the single FePt-C layer decreased to 0.63 with the growth of the 
BL and top layer (Supplementary Fig. S7). Another factor that disturbed 
the (001) texture was the shape of FePt grains. Interfacial strain is 
required to suppress the formation of in-plane variants, as is the case for 
the FePt/MgO interface in the bottom layer [36,48]. However, such 
strain may lack at the curved Ru-FePt interface, leading to an increase in 
the number of in-plane variants in the top layer. 

The average grain size of the media was obtained as 12.7± 5.7 nm 
from the top-view bright-field transmission electron microscopy (TEM) 
images in Fig. 5(a). Fig. 5(b) shows the experimental out-of-plane (OOP) 
and in-plane (IP) magnetization curves, along with the simulated curves. 
The IP curve indicates strong perpendicular magnetic anisotropy. Based 
on half of the mid-distance between the saturation and plateau regions 
of the OOP curve, the coercivities of the top (Hc1) and bottom (Hc2) 
layers were determined to be μ0Hc1 = 0.24 T and μ0Hc2 = 3.82 T. The 
large μ0Hc2 value confirms good epitaxial growth of the highly ordered 
FePt (001). 

To interpret the magnetic properties of the obtained dual-layer FePt 
films and distinguish them from the individual layers, the OOP hyster
esis loops measured at room temperature were analyzed using micro
magnetic simulations (Fig. 6(a)). We reproduced the microstructural 
features of the films using a finite element model to perform micro
magnetic approximations of the demagnetization curves, where the 
mean magnetic anisotropy constants (Ktop and Kbot), their standard de
viations, and the volume fractions of the in-plane variants (Vtop and Vbot) 
were used as approximation parameters. The table in Fig. 6(b) shows 
these parameters after such approximation for the FePt-C/Ru-C/FePt-C 
film with 20 vol.% of C in each layer, i.e., Ktop and Kbot were 0.6 and 

2.70 MJ/m3, while Vtop and Vbot were 30 and 8 vol.%, respectively. 
Fig. 5(c) shows a nice agreement between the experimental M-H curve 
and one simulated with listed parameters. The increased Vtop was 
consistent with the high number of in-plane variants in the top layer 
observed by high-resolution cross-sectional TEM. The decreased Ktop 
was attributed to the deteriorated L10 order and Ru diffusion (Fig. 4(c)). 
Both factors contribute to the plateau region in the M-H curve. If the in- 
plane variants are eliminated and Ktop is improved up to 1.3 MJ/m3, 
which is still twice smaller than Kbot to distinct switching conditions of 
the layers, remanence (µ0Mr) can be restored while the magnetization 
plateau disappears (Fig. 6(c)). Nevertheless, the high slope dM/dH still 
indicates a dual-layer recording system with distinct Ku of the top and 
bottom layers. 

6.3. Temperature-dependent magnetic measurement and writing 
simulation 

The Tc of each layer in the dual nanogranular magnetic layers was 
estimated from M-T measurement at 0.1 T in Fig. 7(a), and was found to 
be Tc1 = 526 K and Tc2 = 620 K. Tc can be affected by various factors 
such as Ru diffusion, deviation of the Fe and Pt content of the FePt 
grains, and the L10 order parameter. Therefore, Tc1 = 526 K may belong 
to the top layer, which contains most of these factors. 

The writing performance of the HAMR media was investigated using 
temperature-dependent magnetic measurements (Fig. 7(b)). Unlike in 
the HAMR writing procedure, in this magnetic writing test, the medium 
was heated as a whole, rather than locally. First, the medium was 
saturated, corresponding to the magnetic state of ↑↑ (“1″), under 7 T at 
300 K. To switch the top layer with a low Ktop (0.6 MJ/m3) and Tc1 (526 
K), a small reverse field (µ0H = − 0.1 T) was applied while increasing the 

Fig. 7. Temperature-dependent magnetic measurement of granular FePt-C/Ru-C/FePt-C media. (a) M-T measurement is performed under 0.1 T wherein the top and 
bottom layers exhibit Tc1 of 526 K and Tc2 of 620 K. (b) Schematic representation of magnetic measurement to mimic the writing procedure. (c) M-T measurement 
under an applied field of µ0H = - 0.1 T to switch the magnetization of the top layer at 600 K corresponding to the ↓↑ state (“0″). (d) Increasing µ0H = − 1 T to switch 
the magnetization of the bottom layer corresponding to ↓↓ (“− 1”). 
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temperature from 300 K to Tan = 400, 500, 600, and 700 K. The medium 
was then cooled to 300 K to store the obtained magnetic state. Conse
quently, the magnetization of the top layer was reversed, and M = 0 was 
obtained by cooling the medium from Tan = 600 to 300 K, a temperature 
higher than Tc1 = 526 K, Tan>Tc1. This process delivered a magnetic 
state of ↓↑ (“0”). For switching the bottom layer with high Kbot (2.7 ±
0.45 MJ/m3), the reverse field was increased to µ0H = − 1 T, and the 
same process was followed. The magnetization of the bottom layer was 
reversed by cooling from 700 to 300 K, a temperature higher than Tc2 =

610 K, Tan>Tc2. This delivered the magnetic state of ↓↓ (“− 1″). 
In addition, a multi-level HAMR recording simulation was performed 

based on the experimentally measured parameters. A heat spot with a 
Gaussian intensity distribution and a globally uniform write field of 0.2 
T were used to heat the media and switch the magnetization in the 
desired direction as the media cooled down. Fig. 8 (a, b) shows images of 
the top and bottom layers at the end of a two-pass write process, as 
described in “Concept of multi-level recording in HAMR”. Writing 
started with an AC-erased medium, corresponding to each grain being 
randomly magnetized either up or down. The first pass was written with 
Tmax = 680 K, which was higher than the Tc of both layers, and a bit 
length of 50 nm. This resulted in the successful writing of both layers, 
but written track widths of ≈ 60 nm in the bottom layer and ≈ 100 nm in 
the top layer, owing to the different Tc (Tc1<Tc2). For the second pass, 
Tmax was lowered to 540 K, which was below Tc2, to write only the top 

layer, and the bit length was increased to 100 nm. The bits were suc
cessfully written, but remnants of the first track remained at the track 
edges of the top layer, and the magnetization within the written bits was 
not fully saturated. This is attributed to the magnetization of some grains 
switching in opposite direction to the writing field during cooling. This 
problem can be solved by either increasing the write field or increasing 
Ku of the top layer. Fig. 8(c) shows the magnetization along the down- 
track direction in the top and bottom layers, averaged over a 40 nm 
track width, along with the sum of the magnetization of the two layers. 
Herein, four different magnetization states were observed. The magne
tization corresponding to ↑↓ and ↓↑ was M ∕= 0, and should allow 4-level 
recording as the anti-parallel states were easily distinguishable. 

7. Conclusion 

Proof of concept of multi-level recording has been successfully 
demonstrated for the first time by separating FePt-C (20 vol.%) nano
granular layers with a cubic Ru-C breaking layer. Both layers exhibited 
mainly a L10 ordered [001] texture along with certain in-plane variants 
based on micromagnetic simulation with a finite element model repro
duced from experimental microstructural features. The higher variants 
in the top layer are attributed to the Ru diffusion and the spherical shape 
of FePt grains, resulting in a low µ0Hc1 and Ktop compared to the bottom 
layer. The Tc of each layer differed owing to Ru diffusion, deviations in 
the Fe and Pt content of the composition, and the order parameters, 
which facilitates multi-level recording. 

The writing performance of the media was evaluated using experi
mental magnetic measurements and a HAMR recording simulation. Both 
layers were written successfully following the first pass; however, during 
the second pass, certain remnants of the first track remained in the top 
layer. This can be overcome by increasing Ktop by improving the degree 
of the L10 order and by searching for a suitable spacer layer. After the 
two-pass writing, the magnetic states of ↑↑, ↓↓ were obtained, with ↑↓ 
and ↓↑ having M∕=0, thus, allowing them to be distinguished and 
enabling an expansion from 3-level to 4-level recording. For this 
concept, due to the magnetic field strength of the magnetic head and the 
Curie temperature requirements, the number of layers is estimated to be 
three at most. Further optimization of microstructure and magnetic 
properties would pave the way to 10 Tbit/in2. 
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