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Nowadays, the question of how, and how fast, magnetization can be reversed
is attracting great practical interest in hard disk drive (HDD) community. In this project, we
successfully demonstrate a clearly enhanced all optical magnetic switching (AOS) in magnetic hard
L10-ordered FePt continuous/nanogranular films deposited on yttrium iron garnet (YIG) single crystal

substrate. The enhancement was confirmed by comparing with similar FePt thin films deposited on
gadolinium gallium garnet single crystal substrate. The enhancement was considered due to a
thermal-induced spin-transfer torque via the spin Seebeck effect in YIG substrate with a tremendous
temperature gradient induced by the laser exposure. For practical application, the quantification of
the enhancement and optimization of the thin film (especially the nanogranular film) microstructure
will be necessary to achieve a laser-induced deterministic magnetization switching in magnetically

hard FePt nanogranular film.
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increasing exponentially, which will cause serious energy and environmental issues in the near
future. Therefore, revolution of current data storage technologies is urgently desired. To
solve these challenges, FePt nanogranular film-based heat-assisted magnetic recording
(HAMR) media which can offer an ultrahigh recording areal density of ~4 Thit/in? (4 times larger

than the current hard disk drive (HDD) recording media) (Fig. 1) has been proposed and

intensively  studied [1]. However, its
write/read process is quite energy inefficient
and slow. On the other hand, circularly
polarized laser was recently proved that it
can induce helicity dependent magnetization
reversal in a magnetic material (Fig. 2),
which is termed as all-optical switching
(AOS) [2]. The merits of the AOS technique

come from its ultrafast (1000 times faster than magnetic field pulse) magnetization switching

Fig. 2. Schematic of AOS techniques with FePt media [2].

control in a remarkable energy-efficient manner (<2.5 aJ/nm?3) [3]. It can bring revolutionary
impact on HDD industry if integrate AOS technique into HAMR which allow the ultra-high
recording areal density, ultra-fast switching speed, and energy-efficient device. However, to
date, deterministic (100%) AOS is only reported in soft magnetic materials (e.g., GdFeCo or
[Col/Pt]n films [3]). There is no report of deterministic AOS in hard magnetic materials like L1o-

ordered FePt nanogranular recording media which hinder its practical application.

This research project aims to study and utilizes the interconversion between heat
(phononic), light (photonic), and spin (spintronic) for ultrafast manipulation of magnetization
reversal. Specifically, based on the applicant’'s previous four-years R&D work on FePt-based
HAMR, the applicant in this work proposal and explore a new magnetic recording technique by
realizing laser-induced deterministic magnetization switching in magnetically hard FePt
nanogranular film. The magneto-optical interaction in FePt thin films on different substrates will
be compared to investigate the thermal contribution beside the conventional thermal
demagnetization. The new physics behind the results will attract interests from related academic

community and even bring revolutionary impact on the next-generation HDD development.



As demonstrated in Fig. 3, by

introducing magnetic insulator(s) (Ml) as g% G

underlayer and/or segregant for FePt L1,-FePt

nanogranular media, the applicant proposes
to utilize the laser-induced thermal gradients,
Jo in the magnetic insulator to triggering a
pure spin current (spin wave), Js via the spin
Seebeck effect (SSE). Subsequently, this

spin current will be pumped into the adjacent

Magnetic insulator (MI)

FePt nanograins and acts as a spin transfer underlayer

torque (STT). This induced STT can act as  Fig. 3. Conceptual diagram of the laser induced STT for 100%

additional driving force combined with AOS AOSin FePt nanogranular mecla

and will finally lead to the deterministic magnetization switching of the FePt nanograins. This
integration of the spin caloritronics effect and AOS within the HAMR technique is an
unprecedented approach for achieving 100% AOS of magnetically hard materials which have

been studied independently so far.

To demonstrate the concept and subtracted the pure thermal-induced STT as illustrated in
Fig. 3, there are two main challenges: a) Two comparable magnetic insulators, one with
large while the other with negligible small spin Seebeck coefficient; b) The microstructure
(morphology, crystallography) and magnetic properties (Saturation magnetization, Ms and
coercivity, Hc) of the FePt thin film deposited on both magnetic insulators should be similar to
ensure a reasonable comparison. Considering on these two critical requirements, the applicant
propose the comparison of continuous FePt thin films deposited on yttrium iron garnet (YIG)
and gadolinium gallium garnet (GGG) single crystal substrates. YIG with a composition of
Y3FesO12 is a well-known ferrimagnet used for spintronics [4] and magnonics [5] applications
since it exhibits large spin Seebeck effect, low damping, and good thermal stability. On the
other hand, GGG with a composition of GdsGasO12 usually presents neglectable small spin

Seebeck effect, but it ensures a similar microstructure (morphology, crystallography) and

magnetic properties
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substrates (SCS). As the results indicated, both FePt thin films deposited on YIG and GGG
(001) SCS show similar crystal texture (mixture of (001) and (111) textures in Figs. 4a and 4d),
similar morphology (6-nm-thick FePt continuous films with cross-sectional HAADF-STEM
images of Figs. 4b and 4e), and comparable coercivity (10.2 vs 8.6 kOe from anomalous Hall
resistance loops of Figs. 4c and 4f). The successful preparation of similar FePt thin films on
both YIG and GGG (001) SCSs ensure a valid comparison and final demonstration of the

proposed new concept.
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Fig. 5. Subtracted MOKE images and corresponding contrast line profile for circular polarized light (helicities|eft to right: left
o—, linearly L, and right o+ polarized laser) induced magnetization switching in L 1o-ordered FePt continuous thin film deposited
on yttrium iron garnet (Y1G) 100 (a& €), 111 (c & g) and gadolinium gallium garnet (GGG) 100 (b & f), 111 (d & h) single
crystal substrates. All the thin film samples were initially magnetic saturated by applying an external magnetic field of 70.0 kOe
along film normal direction ‘down’. The circular polarized laser with a diameter about 20.0 pm was swept on the thin film
surface at a repetition rate of 10.0 kHz. The average laser power onto the sample was 3.0 mW (49.2 mJ cm™ per pulse). The
laser beam was swept on the surface of FePt thin film at a slow velocity of ~3.0 um s™%. Note that the subtracted image obtained
from before and after applying the laser exposure. The scale bar stands for 20.0 um.

Figure 5 shows the MOKE images of the helicity-dependent (left o-, linearly L, and right o*
polarized laser) all-optical magnetic switching in Llo-ordered FePt continuous thin films
deposited on YIG (100) (Fig. 5a), (111) (Fig. 5b) SCSs and GGG (100) (Fig. 5c¢), (111) (Fig.
5d) SCSs. The brighter/dark contrast in the subtracted MOKE image standing for the magnetic
moments pointing out/ inside of the film plane. The results indicate that the laser can introduce
thermal demagnetization in all the sample. However, according to the corresponding cross
sectional contrast profiles, the YIG (100) SCS/FePt sample (Fig. 5e) clearly show an enhanced
helicity-dependent AOS than GGG (100) SCS/FePt sample (Fig. 5f). The results successfully
prove the validity of the proposed concept, i.e., the thermal-induced STT can assisted the
magnetization reversal and enhance the final AOS in the YIG (100) SCS/FePt sample. On the
other hand, the absent of such enhancement in the YIG (111) SCS/FePt sample is considered
due to a weak exchange interaction between the magnetic moment from L1o-ordered FePt film
and YIG (111) SCS when considering the YIG (111) SCS holds an in-plane magnetic easy axis.

With increasing the laser power (fluence), one can expect a linear enhancement of the
AOS effect in the YIG SCS/FePt samples since it induces higher temperature gradient, i.e.,
larger thermal-induced STT through SSE. Thus, we also measured the laser power (fluence)
dependence of AOS in all the YIG and GGG SCSs/FePt samples. The laser power of applied
right circular polarized laser, o* was linearly increased from 16.9 to 69.6 mJ/cm? which cover a
range from a threshold AOS emerging fluence to a strong damageable laser (black Scorched
region in MOKE images). As Fig. 6 indicated, all the samples show a linearly weak
increasement of the AOS contrast in the MOKE and corresponding cross contrast profiles.

There is no remarkable laser power dependence of AOS in the YIG (100) SCS /FePt sample.
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Fig. 6. Subtracted MOKE images and corresponding contrast line profile after sweeping the L1q-ordered FePt continuous thin
film with various laser power (left to right: 16.9, 33.9, 49.2, and 69.6 mJcm?) for the thin film deposited on yttrium iron
garnet (YIG) 100 (a& €), 111 (c & g) single crystal substrate and gadolinium gallium garnet (GGG) 100 (b & f) and 111 (d &
h) single crystal substrate.

However, we can observe a positive laser dependence of AOS in YIG SCSs/FePt-C
nanogranular films (data will be published later). It reveals that both strong ferromagnetic
exchange coupling and favorable in-plane thermal diffusion in the continuous film does not favor
the thermal-induced STT contribution from the YIG SCSs.
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Fig. 7. Magnetic field dependence of AHE loops (a & f), subtracted MOKE images (b & €), corresponding contrast
line profile for circular polarized light (laser helicities left to right: left o—, linearly L, and right o+ polarized laser)
induced magnetization switching (d & g), , and in-plane SEM images (c & h) of L1,-ordered FePt-C nanogranular
films deposited on yttrium iron garnet (YIG) 1111 (a-d) and MgO 100 (e-h) single crystal substrates.

Compared with L1o-ordered FePt continuous thin film, the enhanced helicity-dependent AOS
was also detected in the Llo-ordered FePt-C nanogranular films (see Fig. 7). Unlike the
continuous films, after introducing carbon as segregant, the Llo-ordered FePt nanograins
become physical/thermal isolated and magnetic decoupled from their neighbors which can
further favor the proposed concept (data will be published later). With similar nanogranular
feature in MgO (100) SCS/FePt-C sample, we could not detect the enhanced helicity-dependent

AOS which again prove the positive contribution from magnetic insulator YIG substrate.
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