Exchange-coupled Fe-Pt/Ru/Fe-Pt nanogranular films as
potential HAMR media with reduced writing temperature
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Heat-assisted magnetic recording (HAMR) is a promising high-density data storage technology
whose intensive practical deployment requires a perfect balance of many factors, including device
reliability, which is challenged by severe writing conditions. In this work, we propose HAMR media
composed of Fe-Pt/Ru/Fe-Pt trilayer nanograins embedded into a carbon segregating matrix. When
the Ru nonmagnetic spacer is thinner than 2 nm, the Fe-Pt layers were found to be exchange-coupled
and exhibit different Curie temperatures, which is beneficial for lowering the HAMR, writing tem-
perature. Given the grain size of 17 nm, sufficient thermal stability was preserved according to the
time dependence of coercivity analyzed using the Sharrock equation. The granular microstructure
of Fe-Pt/Ru/Fe-Pt films with different Ru thicknesses was examined in detail, while their magnetic
properties were interpreted by micromagnetic simulations distinguishing the properties of individual
Fe-Pt layers. Grain size reduction, suppression of in-plane variants, improvement of the degree of
L1 order in the top Fe-Pt layer - all these are further steps to optimize the developed exchange-
coupled Fe-Pt/Ru/Fe-Pt nanogranular films, that would open a new avenue for tuning the HAMR

media toward its ultimate performance.

Keywords: heat-assisted magnetic recording, exchange-coupled media, Fe-Pt, Curie temperature

I. INTRODUCTION

In the epoch of digital transformation, the amount of
data being accumulated and handled globally is grow-
ing exponentially. As a result, increasing the storage ca-
pacity of data centers has emerged as a critical issue.
Data centers mainly utilize hard disk drives (HDDs) ow-
ing to their substantial capacity, non-volatility, and low
bit cost. The current recording density in commercial
HDDs is about 1.5 Tbit/in?. This is achieved with a
conventional perpendicular magnetic recording media — a
granular media with ferromagnetic Co-Cr-Pt grains uni-
formly dispersed in a SiOs-based nonmagnetic matrix.
The next generation ultra-high-density HDDs are under
development and are expected to exceed 4 Thit/in? in
response to societal demands [1, 2].

Achieving a recording density over 4 Thit/in? requires
reducing the grain size to 5 nm or less. The con-
ventional Co-Cr-Pt recording media cannot withstand
that without violating the thermal stability condition:
K, V/kpgT > 60, where K, is the uniaxial magnetocrys-
talline anisotropy constant, V' is the volume of a grain, kg
is the Boltzmann constant, and 7' is the temperature [3].
Llg-ordered FePt can overcome this problem due to its
high K, of 7 MJ/m? [4] that theoretically ensures ther-
mal stability down to 4 nm grain size [5]. However, such
a strong magnetic anisotropy leads to another challenge
- an external magnetic field larger than 3 T is neces-
sary to switch FePt grains at room temperature, exceed-
ing the 1.5 T capability of standard recording heads [6].
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An energy-assisted magnetic recording (EAMR) has been
proposed, which essential idea is to stimulate the magne-
tization reversal by applying external energy such as heat
and/or microwaves. The former, heat-assisted magnetic
recording (HAMR) [6], appears to be the most feasible
option with first HAMR HDDs deployed in 2020. How-
ever, there are still several issues on the way to the de-
sired ultra-high recording density and mass production.
One is the low reliability of the HAMR HDD, which is
attributed to writing at elevated temperatures approach-
ing the Curie temperature (7,.) of FePt around 760 K
[7, 8]. Even a few nanoseconds of such intense heating
may cause deformations in both the recording media and
writing head [9, 10]. Furthermore, lubricants protecting
the surface of the medium are also prone to degrade with
heat exposure [11].

To address these issues, reducing the 7. of FePt me-
dia can be considered to lower the writing tempera-
ture. This can be achieved by doping FePt with Ni
[12], Mn [13], or Ru [14, 15]. However, such dop-
ing has inherent limitations as it significantly reduces
the magnetic anisotropy and saturation magnetization,
My, thus affecting K, V/kpT and the signal-to-noise ra-
tio. Exchange-coupled composite (ECC) can inspire to a
more adjustable solution which could be less detrimental
to M, and effective K,. For the ECC media, originally
proposed as granular media with stacked high anisotropy
and soft magnetic layers, a well-tunable switching field
with maintained thermal stability was demonstrated [16-
22]. This concept can be adapted to HAMR media:
nanograins are split into exchange-coupled high- and low-
T. FePt layers to adjust the writing temperature of the
media, while preserving sufficient K, V/kpT (see Fig. 1
for a schematic explanation). Other potential benefits
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FIG. 1. The schematic temperature dependencies of coerciv-
ity (H.) and normalized energy barrier (K,V/kgT) for the
individual Fe-Pt layers and the entire Fe-Pt/Ru/Fe-Pt granu-
lar stack (inset). Although K, V/kgT is expected to decrease
more steeply than H. with increasing temperature, both are
represented by one curve for simplicity.

of ECC-HAMR in different realizations include reduced
thermal write errors [23-25], improved switching proba-
bility [26], increased near-field transducer lifespan [27],
and suppressed transition jitter noise [28].

In this work, exchange-coupled HAMR, granular me-
dia was developed by depositing Fe-Pt/Ru/Fe-Pt tri-
layer structure with C as a segregant (Fig. 1, inset).
The measured hysteresis loops of the films were inter-
preted with micromagnetic simulations, which clearly in-
dicated exchange coupling of the Fe-Pt layers when the
Ru spacer was thin enough, while temperature depen-
dencies of magnetization revealed the difference in Curie
temperatures. The appropriate thermal stability of the
developed films was confirmed by the time dependence
of the coercivity. Thus, the practical feasibility of the
ECC-HAMR media has been demonstrated. With fur-
ther microstructural optimization, it will contribute to
the realization of robust high-density HAMR media.

II. EXPERIMENTAL DETAILS

The nanogranular films were fabricated using an ul-
trahigh vacuum magnetron sputtering system with a
base pressure around 10~7 Pa. All films were deposited
on a single crystal MgO(100) substrate to promote the
(001) textured growth of Fe-Pt with L1y chemical or-
der [15, 29-31]. The nominal film stack was composed
of Fe-Pt(4.5)/Ru(0-2.0)/Fe-Pt(4.5) with 20 vol.% of C
as a segregant in each layer. Both the top and bottom
Fe-Pt layers of 4.5 nm thickness were deposited by co-

sputtering Fe-Pt and C targets at 500 °C under Ar pres-
sure of 0.478 Pa. The Ru layer, also called the spacer,
was deposited under the same conditions using Ru and
C targets; its thickness was varied from 0 (no spacer) to
2 nm. To prevent from oxidation, a 5 nm thick C capping
layer was deposited at room temperature. For simplicity,
the described films are referred to as Fe-Pt/Ru(ts,)/Fe-
Pt hereinafter with t,, representing the thickness of the
Ru spacer in nm.

X-ray diffraction (XRD) was used to evaluate the crys-
tal structure and degree of the L1y order (S) using a
Rigaku SmartLab with a Cu-Ka X-ray source. S was
evaluated following the equation [32-34]:

% (|F|2LPAD)OO2 =« /ﬂ, (1)

(|F|2LPAD)001 Too2
where Ipo; and Iyg2 are experimental integrated intensi-
ties of the L1y (001) superlattice and (002) fundamental
peaks, respectively. F', L, P, A, and D are the structure
factor, Lorentz factor, polarization factor, absorption fac-
tor, and temperature factor, respectively — all are used
to calculate theoretical (001) and (002) integrated peak
intensities assuming perfect out-of-plane (001) texture of
the Fe-Pt grains. The coefficient o stands for the pro-
cessed ratio of theoretical intensities and depends on the
experimental setup, in our case a = 0.85 [35-37].

The top view and cross-sectional transmission elec-
tron microscopy (TEM) of the films was performed us-
ing a Titan G2 80-200 with a probe aberration correc-
tor. Electron-transparent samples for these TEM ob-
servations were prepared using chemical etching and a
lift-out technique using a focused ion beam (FEI Helios
Nanolab 650), respectively. To prevent damage during
ion beam milling, the films were coated with Ni. Energy-
dispersive X-ray spectroscopy (EDS) was carried out us-
ing a FEI Super-X EDX detector, while the results were
analyzed using the Bruker Esprit v1.9 software. The local
crystal structure was examined via selected area electron
diffraction (SAED) using TEM. Statistical analysis of the
granular microstructure in the top view TEM images was
performed using deep learning models [38].

Out-of-plane (OOP) hysteresis loops were measured
using a superconducting quantum interference device
(SQUID) magnetometer (Quantum Design) in magnetic
fields up to 7 T over the temperature range from 100
to 700 K. Measurements of the in-plane (IP) hysteresis
loops were carried out using a Dynacool PPMS (Quan-
tum Design) with 14 T maximum magnetic field, which
was equipped with a large bore coil set. Curie temper-
atures (T.) were determined by fitting the M-T curves
using the Kuz’min formula [39].

To analyze the OOP demagnetization curves, micro-
magnetic simulations were performed by solving the Lan-
dau-Lifshitz—Gilbert equation with unit damping con-
stant and sweeping rate of 0.4 T /ns via the Fastmag soft-
ware [40]. Finite element models of nanogranular Fe-Pt
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films with the trilayer structure were developed following
a similar approach to that in Refs. [15, 41].

III. RESULTS AND DISCUSSION

A. Microstructure

The reference Fe-Pt film devoid of a Ru spacer (ts,
= 0 nm) exhibited a fine granular microstructure with
the mean grain size (D) of 17.5 nm and the number
density of 1.43 Tgrain/in? (Fig. 2(a)). The introduc-
tion of a thin Ru(0.5) spacer did not alter the top view
microstructure much, preserving the grain size and num-
ber density at 17.6 nm and 1.48 Tgrain/in?, respectively
(Fig. 2(b)). These parameters deteriorated to 19.3 nm
and 1.23 Tgrain/in? as the Ru thickness increased to
1.0 nm (Fig. 2(c)). This was accompanied by a tendency
to grain coalescence, which finally resulted in a network-
like structure when the Ru spacer approached 2 nm in
thickness, as shown in Fig. 2(d). For all films, the SAED
patterns revealed (110) superlattice spots indicative of
L1g Fe-Pt, along with (020) and (022) fundamental spots.
The (020) diffraction spots in films with Ru spacers of 1.0
and 2.0 nm had some satellites, suggesting the possible
formation of twins.

Cross-sectional high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) im-
ages of the Fe-Pt/Ru(0.5)/Fe-Pt and Fe-Pt/Ru(1.0)/Fe-
Pt films are shown in Fig. 3 along with the correspond-
ing EDS maps and composition line profiles evaluated
from the highlighted regions of interest. The grains in
both films demonstrated the desired trilayer structure,
which was featured with a curved interface. The bottom
Fe-Pt tended to grow into nanograins with pronounced
sphericity, which were then well wetted by Ru, forming
such an unplanarity. According to EDS (Fig. 3, middle),
there was a possibility of nonuniform chemical distribu-
tion and thickness of Ru along the curved interface with a
decrease toward its edges. Across the center of the spacer
(Fig. 3, bottom), Ru approached 35 and 55 at.% in the
films with t,, of 0.5 and 1.0 nm, respectively, while Fe
and Pt occupied the rest content equally. However, the
Ru content and thickness are prone to under- and over-
estimation, respectively, because of the spacer curvature.
Therefore, additional experiments were performed with
continuous Fe-Pt(30)/Ru(tsp)/Fe-Pt(30) films deposited
under the same conditions but without C segregant. In
such an ideal case with a planar interface, the interdiffu-
sion of layers was confirmed with Ru 55 at.%, Fe 20 at.%
at tg, = 0.5 nm and Ru 60 at.%, Fe 15 at.% at ¢, =
1.0 nm (Fig. S1 in Ref. [42]).

The alternating atomic layers of Fe and Pt were clearly
visible in the bottom Fe-Pt (Fig. 3, top), indicating the
formation of the L1¢ structure with a nice (001) texture
in the out-of-plane direction. A similar feature was ob-
served in the top Fe-Pt, but with some regions of deterio-
rated L1j order or texture (in-plane variants). Also note

that despite similar nominal thicknesses designed for the
top and bottom Fe-Pt layers, the top layer tended to be
thinner due to wetting over the Ru spacer.

Fig. 4 shows the XRD patterns of Fe-Pt/Ru/Fe-Pt
granular films with the inset depicting a change in the
degree of L1j order (S) with increasing Ru thickness. In
addition to the Fe-Pt (002) peak at 26 ~ 47.5°, the (001)
superlattice peak was observed at 26 ~ 23.5°, indicating
the L1 order in all films. The reference Fe-Pt film with-
out Ru demonstrated a high degree of order, S = 0.86.
When Ru was introduced, S started to decrease to 0.72
at tsp = 2 nm. Note that here S is an effective degree of
order that means an averaged value over the entire film,
which may have different S in the top and bottom Fe-Pt
layers following our previous study [15]. An insufficient
misfit between the L1y Fe-Pt and fece-Ru (1.3%) as well
as the curved interface can result in a reduced S in the
top Fe-Pt. A larger misfit is required to promote Llg
ordering, e.g., 10.3% in the case of MgO(100) substrate
[43, 44].

B. Magnetic properties

The hysteresis loops of the Fe-Pt/Ru(ts,)/Fe-Pt films
are shown in Fig. 5(a) for the OOP and IP directions.
The reference Fe-Pt film (5, = 0 nm) had a typical
square OOP loop with a high coercivity of 4.0 T, demon-
strating a strong perpendicular magnetic anisotropy.
When a thin Ru(0.5) spacer was introduced, the coerciv-
ity abruptly decreased to 1.7 T while the squareness of
the OOP loop was preserved. The corresponding IP hys-
teresis loop was S-shaped near zero magnetic field, which
could be attributed to some soft magnetic regions. With
increasing Ru thickness, a step-like inflection appeared
in the OOP loops close to the coercivity — the case of
Ru(2.0) was the most illustrative. There were trends for
the deterioration of OOP remanence and slight increase
in coercivity shown in Figs. 5 (b) and (c), respectively.
The S-shape of the IP hysteresis loops became more pro-
nounced that can be quantified by the increasing IP re-
manence (Fig. 5(b)). The described transformations of
the hysteresis loops could be caused by exchange coupling
between the top and bottom Fe-Pt layers, the intensity
of which was suppressed by increasing the Ru thickness.
To verify this hypothesis and distinguish the magnetic
properties of individual Fe-Pt layers, micromagnetic sim-
ulation was performed.

There are two different scenarios for the exchange cou-
pling between Fe-Pt layers through the nonmagnetic Ru
spacer. First, it can be a weakened direct exchange in-
teraction enabled by a network of Fe atoms diffused into
the Ru spacer (as in Ref. [45]). Another alternative is
an indirect RKKY exchange interaction through metal-
lic Ru [46, 47]. Although interdiffusion of the layers was
observed, favoring the first scenario (Fig. 3 and Fig. S1),
it is difficult to justify with certainty whether the con-
centration of Fe atoms is sufficient to realize such a cou-
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FIG. 2. Top view TEM images of the Fe-Pt/Ru/Fe-Pt films with different Ru thickness. The SAED patterns are shown in the
insets. Where applicable, the average grain size (D) and number density are given at the bottom.
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FIG. 3. Cross-sectional HAADF-STEM images, correspond-
ing EDS maps, and composition line profiles of the Fe-
Pt/Ru/Fe-Pt granular films with Ru thickness of (a) 0.5 nm
and (b) 1.0 nm.

pling or not. An additional complexity arises from the
curvature and potential nonuniformity of the Ru spacer
described in the previous section. The up-to-date DFT
calculations can clarify the origin of exchange coupling
in the Fe-Pt/Ru/Fe-Pt granular media, either it is the
RKKY interaction [497 | or direct exchange interaction
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FIG. 4. XRD patterns of the Fe-Pt/Ru/Fe-Pt films with dif-
ferent Ru thickness (¢sp) and the effective degree of L1y order
(S) as a function of ¢p (inset). Dashed line is a guide to the
eye.

via diffused Fe atoms [50].

However, both scenarios of exchange coupling would
affect the hysteresis loops in a similar way. Therefore,
we proceeded with a simplified micromagnetic model in
which the Ru spacer is plain and weakly magnetic due to
diffused Fe atoms (Fig. 6). The latter means that some
saturation magnetization and exchange stiffness A, were
prescribed to the spacer. They were varied in a grid
search manner until the best correspondence between the
simulated OOP demagnetization curves and experimen-
tal ones. Other varied parameters were the magnetic
anisotropy constants K and volume fractions of in-plane
variants V' in the top and bottom Fe-Pt layers. The ini-
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tial parameters for the grid search were adopted from
Ref. [15] in which the Fe-Pt(5)/Ru(3)/Fe-Pt(5) film with
a thick spacer was studied. The saturation magnetization
and exchange stiffness of both Fe-Pt layers were fixed to
be 1.43 T and 10 pJ/m, respectively [15]. Despite the
same nominal thicknesses of the Fe-Pt layers, the top Fe-
Pt layer in the model was assumed to be 20% thinner
than the bottom one. This was in agreement with TEM
observations (Fig. 3) and with another feature - shifted
up inflection points in the OOP loops with respect to the
coercivities, as can be seen in Fig. 5(a).

The simulated OOP demagnetizations curves after the
grid search are shown in Fig. 6(d). They described
well the experimental demagnetization curves of Fe-
Pt/Ru(tsp)/Fe-Pt films with ¢, of 0.5, 1.0, and 2.0 nm.
The characteristics obtained for each layer are summa-
rized in Table I. The top Fe-Pt layer had a significantly
reduced magnetic anisotropy constant (lower L1y order)
and a higher content of in-plane variants compared to the

TABLE I. Characteristics of each layer in Fe-Pt/Ru/Fe-Pt
granular films, evaluated from the micromagnetic approxima-
tion in Fig. 6(d). K, and V are the magnetic anisotropy
constant (mean and standard deviation in parentheses) and
volume fraction of in-plane variants in Fe-Pt layers, respec-

tively. M and Asp are the saturation magnetization and
exchange stiffness of the Ru spacer with diffused Fe atoms.
Spacer Bottom Fe-Pt Top Fe-Pt
tsp poMs  Asp K., Vv K, %4
(nm) (T) (pJ/m)| MJI/m®) (vol.%)| (MJ/m®) (vol.%)
05 >0.6 >1.8 |35 (0.45) 2 0.7 (0.1) 15
1.0 04 0.8 |3.2(0.45) 2 0.7 (0.1) 15
20 <0.1 <0.05]|2.8 (0.45) 2 0.7 (0.1) 15

bottom Fe-Pt layer. The deteriorated quality of the top
Fe-Pt layer was also evidenced in TEM (Fig. 3) and indi-
rectly in XRD data (inset in Fig. 4). This was a detrimen-
tal consequence of depositing on the curved Ru spacer
with insufficient interfacial stress for nice L1g (001) pref-
erential growth.

The parameters of the top Fe-Pt layer did not vary
with changing Ru thickness. The bottom Fe-Pt layer had
a much higher magnetic anisotropy constant and only a
slight trace of the in-plane variants. We observed that
the magnetic anisotropy constant of the bottom Fe-Pt
layer deteriorated with increasing Ru thickness, i.e., it
decreased from 3.5 to 2.7 M.J/m? when ¢, increased from
0.5 to 2.0 nm. This could be attributed to a deeper diffu-
sion of Ru into Fe-Pt considering that Ru is detrimental
to the magnetic anisotropy of Fe-Pt [16]. According to
our simulations, the stack of magnetically soft/hard Fe-
Pt layers was almost exchange-decoupled with the thick
Ru spacer of 2 nm (Table I), resulting in such a pro-
nounced step-like inflection in the OOP hysteresis loop
(Fig. 6(d)). With decreasing Ru thickness, the exchange
coupling between Fe-Pt layers became stronger, which
was quantified by Ay, in Table I — A, of 1.8 pJ/m in
Fe-Pt/Ru(0.5)/Fe-Pt was enough for a strong coupling
with the eliminated M (H) inflection.

The exchange coupling at room temperature was con-
firmed in Fe-Pt/Ru/Fe-Pt films with t5, < 2.0 nm. As
the next step, the magnetic properties of the films were
examined with temperature. Fig. 7 shows the magnetiza-
tion of Fe-Pt/Ru(tsp,)/Fe-Pt films vs. temperature. The
reference film without Ru spacer had the M-T curve typi-
cal for a uniform ferromagnetic material with T, of 665 K.
When the Ru layer was introduced, slight inflections were
observed in the M-T curves of Fe-Pt/Ru(0.5)/Fe-Pt and
Fe-Pt/Ru(1.0)/Fe-Pt films, which required the superpo-
sition of two Kuz'min equations with different Curie tem-
peratures T, and T, for a better description. The lower
T.1 was attributed to the top Fe-Pt layer due to its re-
vealed defectiveness with lowered L1y order, while T,.o
corresponded to the bottom Fe-Pt layer. Although it was
hard to distinguish 7¢; for films with t,, of 0.5 and 1.0 nm
due to experimental uncertainty, a distinct T, of the top
Fe-Pt layer was observed for the exchange-decoupled Fe-
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Pt/Ru(2.0)/Fe-Pt film with a value of about 400 K. This
value can be considered as a reasonable landmark for T,
in films with a thinner Ru spacer, assuming similar mi-
crostructural state of the top Fe-Pt layers. The T.o of
the bottom Fe-Pt layer in the exchange-decoupled Fe-
Pt/Ru(2.0)/Fe-Pt film was of 655 K, that was close to
T. of the reference Fe-Pt film. Note that the interlayer
exchange coupling should have no effect on T, given the
same other factors, while T,.; could be enhanced to some
extent by a strong coupling.

There are two factors that affect the Curie tempera-
ture of Fe-Pt and can result in low/high T, layers. First,
doping with Ru decreases the T, of Fe-Pt [14, 15]. If
there is a difference in the diffusion of Ru in the top
and bottom Fe-Pt layers, distinct 7.; and T.o can ap-
pear [15]. However, similar Ru diffusion profiles were
observed in the top and bottom layers of the continuous
Fe-Pt/Ru/Fe-Pt films (Fig. S1 in Ref. [42]). In addition,
T2 of the bottom layer in the Fe-Pt/Ru(2.0)/Fe-Pt film
was close to T, of the reference Fe-Pt film without Ru,
indicating that Ru did not have a pronounced effect. The
second factor is the degree of L1y order [51], which was
distinct in the top and bottom Fe-Pt layers according to
our experimental insights and simulations (indirectly via
estimated K,,). This factor is supposed to be dominant
for the low/high T, observed in our study.

Fig. 8 shows the temperature dependencies of coer-
civity for Fe-Pt/Ru/Fe-Pt films with different Ru thick-
nesses. The reference Fe-Pt film without Ru exhibited
a monotonous decrease in coercivity approaching 1.5 T,
the current writing field threshold, at 565 K that can
be considered as a writing temperature. The exchange-
decoupled Fe-Pt/Ru(2.0)/Fe-Pt film possessed a lower
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FIG. 7. Temperature dependence of magnetization for Fe-
Pt/Ru/Fe-Pt films with different Ru thickness (¢sp). Dash
lines correspond to the approximation by a superposition of
two Kuz'min equations (one for ¢, = 0 nm) with distinct
Curie temperatures (7%).

writing temperature, while its coercivity dependence had
a maximum at T,y = 400 K. The magnetically softened
top Fe-Pt layer magnetized oppositely to the bottom Fe-
Pt layer in the vicinity of coercivity. Thus, the stray
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field from the top layer reduces the coercivity of the bot-
tom layer. Near T¢;, the magnetization of the top Fe-Pt
layer abruptly decreases, as well as the corresponding
stray field, thus increasing the coercivity of the bottom
Fe-Pt layer and resulting in a local maximum. The coer-
civity dependence of the Fe-Pt/Ru(0.5)/Fe-Pt film with
the strongest exchange coupling decreased without any
anomaly, demonstrating a significantly reduced writing
temperature of about 380 K. At the same time, its coer-
civity at room temperature was also notably decreased,
so the next question was whether sufficient thermal sta-
bility was preserved or not.

The thermal stability of the exchange-coupled Fe-
Pt/Ru/Fe-Pt films was depicted from the dynamic coer-
civity, whose time dependence follows the Sharrock equa-
tion [53]:

H, (1) = H, l1 - [%m (%)] i] G

Such dynamic coercivity H, can be interpreted as the
reversed magnetic field at which half of the grains are
switched during time ¢. Here H., is a coercivity in
the absence of thermal agitations, E} is an effective en-
ergy barrier for magnetization switching at zero mag-
netic field, and fy is an attempt frequency [53]. The
exponent n may vary depending on microstructural fea-
tures, e.g., grain misalignment, thicknesses of the ECC
stack, etc. [53, 54]. For recording media including ECC,
n of 1.4 — 1.5 is usually considered [22, 55, 56]. The

protocol for measuring H,(t) is described in Fig. 9(a)
and (b) in details. Obtained H,(t) dependencies for the
exchange-coupled Fe-Pt/Ru/Fe-Pt films and the refer-
ence Fe-Pt film are shown in Fig. 9(c). They were fitted
using Eq. (2), providing values of the thermal stability
coefficient summarized in Fig. 9(d). The reference Fe-Pt
without Ru spacer had K, V/kgT of about 260. The Fe-
Pt/Ru(0.5)/Fe-Pt film with the strongest exchange cou-
pling exhibited a lower K, V/kgT of about 120, although
it was still above the thermal stability threshold of 60.
A bit better K,,V/kgT value of 160 was observed for the
Fe-Pt/Ru(1.0)/Fe-Pt film.

Some critical notes should be emphasized in the
end. First, the writing temperature derived from H.(T)
(Fig. 8) may differ from that in a practical HAMR
HDD with local heating and switching [57-59]. In ad-
dition, local switching is a dynamic process, so the inter-
play of exchange coupling and damping behavior in Fe-
Pt/Ru/Fe-Pt is worth of further investigation via simula-
tions [60, 61] and experimentally including elevated tem-
peratures. The latter could be done with the all-optical
time-resolved magneto-optical Kerr effect (TR-MOKE)
[62], contributing to a discussion on how microstructural
features affect the damping constant [61, 63, 64]. Second,
although sufficient thermal stability was demonstrated in
the case of exchange-coupled Fe-Pt/Ru(0.5)/Fe-Pt film,
it was achieved for a relatively large grain size of 17.6 nm.
To be of interest for practical application, the grain size of
the developed media should be reduced to at least 7 nm.
This should be feasible with further optimization of the
sputtering conditions and exploration of other materials
to be used as the spacer layer and segregant. For the
latter, h-BN [65-68] and CrO, [69, 70] can be potential
candidates. The grain size reduction should be accompa-
nied by an improvement in the microstructure of the top
Fe-Pt layer. In particular, the K, of this layer should be
increased to maintain the thermal stability, while the ap-
pearance of in-plane variants should be suppressed. The
realization of a flat interface between the top and bot-
tom Fe-Pt layers would contribute to resolving the above
problem.

IV. CONCLUSION

In this work, a series of Fe-Pt(4.5)/Ru(tsp)/Fe-Pt(4.5)
films with ts, = 0, 0.5, 1.0, 2.0 nm and 20 vol.% C seg-
regant were fabricated by ultrahigh vacuum magnetron
sputtering. The nanogranular microstructure was real-
ized with the Fe-Pt/Ru/Fe-Pt trilayer interface in each
grain. This interface had a pronounced curvature. The
thin Ru spacer of 0.5 nm thickness did not affect the
mean grain size, maintaining it at 17.6 nm, while fur-
ther Ru thickening gradually deteriorated it, provoking
grain coalescence. The nice LL1g chemical ordering with
(001) out-of-plane texture was confirmed for the bottom
Fe-Pt layer. In contrast, the top Fe-Pt layer was more
defective, showing some in-plane variants and reduced
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FIG. 9. (a) The protocol of measuring demagnetization remanence (Mg) as a function of increasing inverse applied magnetic
field (H;) performed for the reference Fe-Pt granular film (¢{;, = 0 nm). After getting each My in the shown sequence, the
film was exposed to magnetic saturation, then a higher H; was applied with certain waiting time at this field. Finally, (b) the
M4(H;) plots at different waiting times allow to extract dynamic coercivities (H,: H; at which My = 0). (c) H, as functions
of waiting time for Fe-Pt/Ru/Fe-Pt granular films with different Ru thickness (tsp) were analyzed using Eq. (2), giving (d)

effective K,V /kgT.

L1y order, which resulted in softened magnetic proper-
ties of this layer. In addition, different Curie tempera-
tures (T.) were observed for the Fe-Pt/Ru/Fe-Pt films,
which were attributed to the top (low T.) and bottom
(high T.) Fe-Pt layers. The Fe-Pt layers were found
to be exchange coupled when t,, < 2 nm. In particu-
lar, the Fe-Pt/Ru(0.5)/Fe-Pt film with the strongest ex-
change coupling exhibited an inflectionless out-of-plane
hysteresis loop, as well as nearly monotonic temperature
dependencies of both magnetization and coercivity. Ad-
justing both the effective magnetic anisotropy and T, of
the Fe-Pt/Ru(0.5)/Fe-Pt film, we decreased its writing
temperature to 380 K with a sufficient thermal stability
coefficient K, V/kpT = 120. Thus, the feasibility of de-
veloping exchange-coupled HAMR media with a unique
Fe-Pt/Ru/Fe-Pt trilayer nanogranular structure and the

merit of controlling the writing temperature was demon-
strated. The actual mechanism of exchange coupling and
the effect of the curved interface on it are the subject of
further studies, as well as the thorough microstructural
optimization of such HAMR media toward a less defec-
tive the top Fe-Pt layer, smaller grain size, etc.
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