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To achieve higher recording density with lower power consumption than the current heat-assisted magnetic
recording (HAMR) for next-generation, a more efficient writing with less laser power would be indispensable. An
advanced HAMR concept is developed to address such specification, and the write ability has been demonstrated
in multilayer media stacks comprising the core structures of antiferromagnetic MnPt and ferromagnetic FePt
layers with the magnetic easy axis oriented perpendicular to the film plane. The concept is based on two distinct
switching mechanisms: thermally activated (TA) and spin-transfer-torque (STT) assisted magnetization switch-
ing. The latter is driven by an out-of-plane temperature gradient (AT) in the MnPt/FePt multilayer which is
referred as thermal spin-torque (TST) HAMR media. Pump-probe measurements reveal significant magnetic
coercivity (H,) modulation by AT at the local magnetization of the FePt layer. The hybrid mechanism with TA
and STT can be separated by sweeping the delay time between the pump and probe laser pulses, and it is found
that the STT dominates the mechanism for H, modulation in the short delay time regime. Furthermore, the
modulation of H, of the FePt layer is demonstrated to be dependent on the magnitude and the direction of steady
state AT. These results suggest that lower laser power consumption is achievable owing to the contribution of STT
assisted switching in the TST-HAMR media.

1. Magnetic recording with high density and low power

The total amount of data generated from various applications has
been exponentially increasing for years, thanks to the breakout of digital
transformation technologies. The hard-disk-drives (HDDs) community
has put tremendous efforts to develop revolutionary recording tech-
nologies to break records of recording density, providing cost efficient
solutions to large volume data storage. Many research and developments
have been extensively performed, for example, the material engineering
of granular media [1-3] was initialized to reduce the grain diameter to
increase the recording areal density [4]. The shrinking size of media
grains inevitably leads to a decrease in the thermal stability, which is
governed by the formula of ’,f;¥, where K, is the uniaxial magneto-
crystalline anisotropy constant, V is the volume of a grain, kg is the
Boltzmann constant, and T is the temperature. To overcome such issue,
L1y-ordered FePt granular media has been developed, which achieved a
sufficiently high K, value up to 7 MJ/m> [5,6]. However, this possesses
significant challenge to the conventional magnetic writer to switch FePt
grains as the magnetic coercivity (H.) of granular media increases with
K. This is referred as trilemma in HDDs.
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Heat-assisted magnetic recording (HAMR) has been developed as a
breakthrough technology to solve the trilemma problem [4-6]. To
achieve both high thermal stability and write ability in the FePt granular
media, laser pulses from writing heads are irradiated right before the
moment of writing. The laser pulse raises the temperature of FePt grains
to a level above the Curie temperature (T.), which significantly reduces
the switching barrier, enabling the writing with minimal magnetic fields
required. Followed by locally field cooling the grains, the high thermal
stability resumes, which stores information into FePt media. Therefore,
the trilemma problem is solved by utilizing thermal energy to assist
switching. And HAMR based HDDs have been shipped to data centers
with a 28 TB capacity per drive in 2024. In addition, new technology
such as multi-level recording in HAMR has been demonstrated to further
increase data capacity in the future [7].

Besides of further increasing recording density, it is desirable to
reduce the power consumption to heat FePt grains of the media, which is
one of the important factors to be considered for large volume data
centers. Here, we focus on utilizing the temperature gradient (A7), that
is inevitably formed in the HAMR media by the heating of laser pulses, as
a driving force of the magnetization switching in addition to the
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conventional thermally activated (TA) switching. The spin-current,
generated by the out-of-plane AT originating from the spin Seebeck ef-
fect (SSE) [8], would provide the magnetization of FePt grains with spin-
transfer torques (STTs) to assist switching, therefore, it is expected that
the laser power for the TA switching could be reduced. This is the new
concept of magnetic recording based on the hybrid effect of STT and TA,
leading to an advanced thermal spin-torque (TST)-HAMR media in the
future.

In this study, we use the VN/MnPt/FePt multilayer structures to
demonstrate the hybrid effects on the write ability in the FePt layer
through the measurement of H.. The H. dependence on the out-of-plane
dynamic AT induced by laser pulses is obtained for the sample. Two
origins of STT and TA are separated via pump-probe measurements with
the dynamical heating and cooling impacts resolved in the picosecond
regime. The time-resolved cross-sectional AT is simulated to show the
dynamical heat transfer in the samples. Further studies on H. depen-
dence on the steady state AT for the samples with and without MnPt
layer indicate that the MnPt layer plays a crucial role for efficient
recording to generate STT driven by AT.

2. TST-HAMR concepts

The HAMR with hybrid mechanisms of STT and TA, referred to as a
TST-HAMR, could achieve both ultra-high efficiency and low power
consumption. Figure 1(a) illustrates the principles of TST-HAMR, as
compared to the current HAMR. Laser irradiation induces AT along the
out-of-plane direction. With spin current generated from the antiferro-
magnets (AFMs) such as the MnPt layer under the FePt layer, the more
efficient magnetization switching could be expected owing to the AT-
driven STT, arising from the SSE [8]. For example, the spin momentum
(o) with —z orientation that is represented by the green allows with
balls, originating from the possible uncompensated magnetic moment at
the AFM/FePt interface (M}dﬁ'), could assist the magnetization switching
of the FePt layer from up-to-down (details are discussed at the Section
4.4), while it is not expected for the conventional system without AFM
layer. Figure 1(b) depicts the energy diagram showing the bi-stable
magnetic states of the FePt layer separated by an energy barrier of
K, V. The energy barrier can be suppressed by TA with uniform heating,
in addition, the STT can serve as an extra driving force for magnetization
switching. Figure 1(c) illustrates the expected hysteresis loops impacts
from the TA and the STT. The TA is responsible for both H, reduction and
demagnetization, while STT primarily contributes to only H. reduction,
because the SSE induced spin-angular momentum transfer can occur
without charge transfer, resulting in no Joule heating or extra power
consumption. Thus, demagnetization caused by elevating temperature is
unrelated with STT.

Heavy metals such as Pt are the representative spin sources utilizing
spin Hall effect to generate STT to the adjacent ferromagnetic layer.
However, it has been proposed that AFMs have a potential to achieve
more efficient spin generation driven by the AT [9-12]. We focus on the
MnPt as a candidate of AFMs for the following reasons: first, the same
atomic order with L1 and lattice constants as the FePt; second, the
extremely high Néel temperature reaching 970 K [13]. These charac-
teristics allow us to prepare the full epitaxial multilayer samples, and the
AFM phase is stable regardless of the representative working tempera-
ture by laser pulses of HAMR media around 700 K. Figure 1(d) shows the
crystal structure of L1yp-MnPt, in which the stable magnetic structure
with collinear AFM is indicated by arrows. Although two possible
collinear magnetic structures of MnPt were reported, with Néel vectors
pointing in out-of-plane and in-plane directions [13,14], the Néel vector
is determined to be parallel to the out of-plane direction in the present
MnPt layer by controlling its atomic composition, as revealed by the
enhanced H, of the top FePt layer (see Fig. S1 in the supplemental
material).
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3. Experimental techniques
3.1. Thin film growth and microfabrication

MgO substrates are cleaned by ultrasonic with ethanol and acetone,
followed by in-situ thermal flashing at 450 °C performed in the magne-
tron sputtering chamber. Base pressure of the chamber is kept being 5 x
1077 Pa. The VN film is deposited at 320 °C via nitrogen reactive sput-
tering with the DC input power of 30 W, of which the gas flow ratio of N
to Ar is set to be 50 % with the pressure of 1 Pa. The MnPt and FePt films
are deposited at 420 °C and 450 °C, respectively, with the Ar gas pres-
sure of 1 Pa and the DC input power of 30 W. 2-nm-thick MgO capping
layer is deposited at room temperature (RT) to prevent surface oxidation
on the FePt layer. Microfabrication is performed using photolithography
and Ar ion milling to form the Hall-bar devices shown in Fig. S4 in the
supplemental material. Magnetic hysteresis loops are measured using a
magnetic properties measurement system (MPMS) at RT.

3.2. TEM observation

TEM samples for the cross-sectional microstructure measurements
are prepared by a focused ion beam lift-out technique (FEI Helios
Nanolab 650). To avoid damage during the milling, Ni film is deposited
on the film surface. TEM observation is carried out using a Titan G2
80-200 with a probe aberration corrector. Energy-dispersive X-ray
spectroscopy (EDS) is conducted using an FEI Super-X EDX detector.

3.3. MOKE measurements via pump-probe method

Spin re-orientation by the laser pulse irradiation is investigated using
a pump-probe method with an ultrafast pulse laser system, Yb:KGW
laser source, of which the center wave length is 1028 nm, the pulse
duration is 290 fs, and the repetition rate is 10 kHz. The pump power is
varied from 0 to 60 mW with the spot diameter of ~0.1 mm. The power
can be described as pomp fluence ranging from 0 to 760 J/m2 The
wavelength of probe pulses is converted to 514 nm by BBO crystal. The
probe pulses are linearly polarized by a polarizer with the power below
100 pW. The transient probe polarization owing to the transient mag-
netic state is detected by the balanced detection technique with a half-
wave plate and Wollaston prism. Magneto-optical Kerr effect (MOKE)
is measured by sweeping the magnetic field along the direction of 25°
with respect to the film normal, to investigate spin re-orientation process
of the FePt layer under various delay time (At) between pump and probe
pulses.

4. Results and discussion
4.1. Film characterization by cross-sectional TEM

Fig. 2(a) illustrates the film stacking structure in this study. The VN
layer is deposited on the MgO substrate to improve the interfacial
roughness. The stacking structure is confirmed by the cross-sectional
high-angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM) image shown in Fig. 2(b). Fig. 2(c1) and 2(c2)
show the nano-beam diffraction (NBD) patterns for the MnPt and FePt
layers, respectively. The NBD patterns arise from the (001) superlattice,
indicating the L1p-atomic-order as depicted by the unit-cell [Fig. 1(a)]
for both MnPt and FePt layers. Fig. 2(d1)—2(d5) show the energy
dispersive spectroscopy (EDS) mapping, suggesting no interdiffusion
and/or alloying at interfaces (see Fig. S2 in the supplemental material
for the line profiles). It is worth to pointing out that the stripe pattern
can be seen in the mapping images of Fe, Mn, and Pt in the atomic
resolved EDS image of Fig. 2(e), confirming the atomic L1g-order of
MnPt and FePt layers. These results prove the high quality epitaxial
growth of the present multilayer samples.
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TST-HAMR
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Conventional HAMR

Fig. 1. (a) Concept of the thermal spin-torque heat-assisted magnetic recording (TST-MAHR) with the L1,-MnPt / L1o-FePt bilayer system, together with the
conventional HAMR. The thick green arrows at the MnPt/FePt interface represent the uncompensated Mn moment (M;C) induced by the exchange magnetic
interaction between Mn and Fe. The green arrows with balls represent the spin angular momentum (o) that is parallel to the My The writing field (H) from the HDD-
head is shown by dashed arrow. (b) Energy diagram showing the bi-stable magnetic states of FePt and its change depending on the heating by laser pulses. (c)
Possible magnetic hysteresis loops of the FePt layer with temperature gradient by laser pulses. (d) Schematic illustration of L1o-MnPt unit cell together with collinear

antiferromagnetic structure.
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Fig. 2. (a) Representative stacking structure for the TST-HAMR media. (b) Cross-sectional high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image. (c) Nano-beam diffraction (NBD) patterns for the MnPt (c1) and FePt (c2) layers. (d) Energy dispersive spectroscopy (EDS) mappings for each

element. (e) Atomic-resolved EDS image at the MnPt/FePt interface.

4.2. H, modulation by laser pulses

To investigate the local magnetization switching efficiency of the
FePt layer, we measure the demagnetization and H. from the MOKE
hysteresis loops via pump-probe method [Fig. 3(a)] using the sample of
MgO substrate // VN(10 nm) / MnPt(10 nm) / FePt(10 nm) / MgO(2
nm). This method allows us to investigate spin re-orientation process in
the FePt layer by varying At and pump power (Fp,), in which the repeated
dynamic heating and cooling cycles are resolved in pico-seconds time
scale [15-18].

We verify that the MOKE hysteresis loop without pump pulse (black
symbols) agrees with the magnetic hysteresis behavior measured using

MPMS [see Fig. S1(b) in the supplemental material]. This confirms that
the intensity of probe laser pulses is low enough to avoid thermal acti-
vation of the sample. In contrast, the loops are dramatically impacted by
pump pulses, showing dependence on the At similar signal with
remarkably small H. at At =1 ps (red symbols), and remarkably small
MOKE signal with large H, at At = +1 ps (blue symbols), followed by the
increase of MOKE signal with the decrease of H. obtained at At = +-30 ps
(green symbols). Figure 3(b) shows the demagnetization dependence on
At, which is determined by the ratio of MOKE signal obtained at each At
to the value measured without pump laser. The magnetization is gov-
erned by temperature in general, so that Fig. 3(b) indicates the elevated
temperature in the FePt layer. The magnetization decreases by ~75 % of
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Fig. 3. (a) Magneto optical Kerr effect (MOKE) as a function of magnetic field (H) measured via pomp-probe method with different delay time (A¢) for the multilayer
sample, MgO substrate//VN(10 nm)/MnPt(10 nm)/FePt(10 nm). (b,c) Demagnetization (b) and magnetic coercivity (H.) (c) as a function of At. The solid lines are
guides to the eyes. (d) Schematic illustration of pump-probe measurements in this study with 10 kHz, where M represents the magnetization as shown in Fig. 3(b),
and TA with arrows corresponds to the entire thermal activation energy. Note that the MOKE signal probed at the delay time of —1 ps includes large amount of TA
contribution. (e) H. difference (4H,) as a function of pump power (Fp), in which the AH, for w/o pump and At =1 ps (red circle) as well as At = +1 ps and +30 ps

(blue tringle) correspond to the contributions from TA and STT, respectively.

initial value at At = +1 ps, suggesting the highest temperature in the
FePt layer induced by the pump laser pulse heating. Then the magne-
tization starts recovery to the initial magnitude with At, suggesting heat
dissipation from the FePt layer. It is inferred from the measurement that
the magnitude of magnetization is fully recovered before the irradiation
of next pump pulse, consistent with the expectation that the period of
pump pulse of 100 ps (the pulse repetition in this setup is 10 kHz) is long
enough to cool down the temperature of FePt layer to the RT.

Figure 3(c) plots the evolution of H. with At, determined from the
MOKE hysteresis loops in Fig. 3(a). The largest H, is observed at At = +1
ps, followed by a decrease with time. The sudden increase of H, from At
of-1 to +1 ps indicates the local magnetization, influenced by the pump
laser beam, is flipped to the magnetic state of surrounding FePt
(depicted by the dark loop in Fig. 3(a)). The pump pulse instantly re-
duces the local magnetocrystalline anisotropy. The surrounding hard
FePt switches the relatively soft magnetization via exchange coupling.
As the temperature cools down, the magnetocrystalline anisotropy re-
covers. This is expected to increase the energy barrier to prevent the
local magnetization from switching away from the magnetic state of
surrounding FePt. However, such switching process occurs at At = +1 ps
and continues beyond 160 ps, when the external magnetic field is
applied opposite to the direction of FePt magnetization. It is revealed by
the H, reduction in Fig. 3(c) and implies that the H, reduction is influ-
enced by the time integration of the temperature, i.e., the energy of TA,

rather than the actual temperature at specific At. The minimum of H,
observed at At =1 ps is due to the maximum of time integrated TA.
Figure 3(d) illustrates the time-resolved pulse irradiation and magneti-
zation to depict the influences from the different magnitude of TA. The
demagnetization occurs at the pump pulses irradiated once every 100 ps.
For the probe pulse with At = +1 ps, although the temperature is high,
TA may be small due to the significantly short integration time of 1 ps.
Conversely, for the probe pulse at At =1 ps, although the heat dissipa-
tion is almost completed and the actual temperature returns to RT, TA
can be sufficiently large due to the long period of approximate 100 ps, as
indicated by red arrows.

Moreover, Fig. 3(c) shows the decrease of H, exhibiting two signifi-
cantly different stages: (i) a rapid drop within +30 ps and (ii) a much
slower reduction beyond +30 ps. The fast drop of H, in the stage (i)
suggests the local magnetization may experience a torque which assists
the switching quickly, while the time integrated TA dominates the slow
H. change in the stage (ii). Figure 3(e) shows the pump-laser-power
induced total change of H. with respect to no pump power applied
together with the H, change from At of +1 to +30 ps. The origin of H,
change from At of +1 to 430 ps is likely to be STT driven by the vertical
temperature difference induced by pump laser pulse, which will be
further investigated in the following analysis and experiments.
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4.3. Heat transfer simulation with laser pulses

To estimate the time-dependent AT along the in-plane and out-of-
plane in the multilayer sample, the time-domain cross-sectional heat
transfer with the ultrashort pulse laser is simulated as shown in Figs. 4
(el)—4(e3). We use the COMSOL multi-physics package [19], in which
we set laser source with a pulse duration of 290 fs and a repetition
frequency of 10 kHz. Gaussian distribution is applied to the laser power,
which is irradiated at the surface of MgO capping layer. The initial
temperature is 300 K. The dynamical temperature is simulated from 0 to
150 ps with the time step of 0.1 ps. Parameters, such as thermal con-
ductivity for each layer etc., are addressed in Fig. S3 in the supplemental
material.

Following one pulse irradiation, the temperature of the FePt layer
increases rapidly, reaching over 700 K within +1 ps. Such temperature is
found to be relatively higher than the value indicated in the previous
report [20]. This discrepancy may be caused by errors in the input
parameter of laser power density to the model, because the spot size
and/or Gaussian distribution are not precisely measured. Nevertheless,
the model reveals the heat transfer as well as the AT in each layer, which
allows the impacts from TA and STT to be understood individually. The
model indicates that FePt experiences a remarkably high temperature at
At = +1 ps, which is consistent with the experimental result of maximum
demagnetization at At = +1 ps [Fig. 3(b)]. The cooling process starts
after At = +2 ps in the FePt layer, as the heat is transferred into the MnPt
and VN layers [Figs. 4(a2) and 4(a3)]. Figure 4(b) indicates the tem-
perature difference in the 10-nm-thick FePt and MnPt layers (A Tgep: and
ATympy) as a function of At. The ATgep; drastically decreases at At = +2
ps, while the AType shows a maximum value up to ~34 K, then it
gradually decays. The simulation results suggest that A Typ; remains in
the delayed time regime up to approximate +20 ps. The ATyppt could
introduce SSE to drive spins into FePt layer. This effectively induces a
torque assisting to switch the magnetization, thus reducing the H..
Therefore, the rapid decrease of H, observed in the At regime of +1 to
+30 ps in the experiments [Fig. 3(c)] might be predominantly originated
from the STT contribution in addition to the TA, which must be regarded
as a STT-assisted HAMR. As At increases beyond +30 ps, the STT

290fs
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contribution vanishes due to the decay of ATyp; resulting from heat
dissipation. The TA dominates the following H, reduction via the time
integration effect of residual heat (see Fig. S3 in the supplemental ma-
terial for much longer At). Thus, the H, shows the minimum at At =1 ps.

4.4. H. modulation by static thermal gradient and possible mechanism

To reveal the dominant spin source driven by AT, and to demonstrate
the H. dependence on the direction of AT which is not possible for the
pump-probe method, it is desirable to study magnetization reversal
behavior with controlled steady state temperature gradients applied
vertical to the sample.

Figure 5(a) shows the anomalous-Hall hysteresis loops at different
temperatures (without AT) for the same sample of MgO substrate // VN
(10 nm) / MnPt(10 nm) / FePt(10 nm) / MgO(2 nm). py, in the vertical
axis represents the transverse resistivity, of which measurement
configuration is depicted by the inset in Fig. 5(a). The temperature is set
to be Ty = T, = 300 K, 400 K, and 500 K, where T; and T, respectively
represent the temperature measured by the thermocouples placed near
the sample stage (back side of the sample) and the on-chip heater (front
side of the sample), since it is technically impossible to measure the
actual temperature directly from the top and bottom surfaces of the layer
with only 10-nm thickness (see Fig. S4 in the supplemental material for
detailed setups). The H, is measured to be 0.31 T for 300 K, while 0.25 T
for 400 K and 0.18 T for 500 K. The H, reduction with increasing tem-
perature can be attributed to the reduction of magnetization switching
barrier by TA as depicted in Fig. 1(b).

The measurement system allows for either positive or negative
temperature gradient depending on the temperature control of T; and T»
as shown in Fig. S4 in the supplemental material. Once steady state AT
(AT = T, -Ty) is applied, it is evident that the H,. decreases for AT > 0,
which is consistent with the results of the pump-probe measurements as
shown in Fig. 3. Conversely, the H, shows increment for AT < 0, i.e., the
opposite temperature gradient. Figure 5(c) shows the dependence of H,,
normalized by the value at AT = O for each T;. A linear relationship is
observed between H,. and AT, consistent with the expectation of SSE that
the induced spin transferring density increases with the temperature

300 K IR ] 400 K

¥ FePt (10 nm)
MnPt (10 nm)
VN (10 nm)

303 K

MgO sub

(@a2) 2ps
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Fig. 4. (al-a4) 2D heat transfer simulation for the multilayer sample, MgO substrate//VN(10 nm)/MnPt(10 nm)/FePt(10 nm) with At = 1 ps, 2 ps, 5 ps and 5 ps,
where parameters such as thermal conductivity are described in the supplemental material. (b) Out-of-plane temperature difference in the 10-nm-thick FePt (A Tgepy)

and MnPt (ATy,py) layers as a function of At.
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Fig. 5. (a) Transverse Hall resistivity (p,,) as a function of out-of-plane magnetic field (H,) under the heating of T; = T = 300 K, 400 K, and 500 K for the multilayer
sample, MgO substrate//VN(10 nm)/MnPt(10 nm)/FePt(10 nm). (b) Same measurements as Fig. 5(a), but with the temperature gradient (AT), which corresponds to
the temperature measured by thermocouples those are placed at top (T») and bottom (T;) sides of the samples. The magnified image corresponding to the loop
surrounded by square is shown in right hand figure. Two schematic illustrations show the possible STT phenomena for positive and negative each AT. ¢ represents the
polarized spin of My%. (c) Normalized magnetic coercivity (H.) depending on AT = T, — T;. The insets represent the normalized H, value per AT, which is based on
the slope of linear fitting lines. (d) Same as Fig. 3(c), but for the control sample without MnPt layer.

difference linearly. And the sensitivity of H. dependence on AT is pro-
nounced at higher Tj, as also shown in the bar graph of the inset. To
provide further insights into the spins driven by AT in the MnPt layer, we
perform the control experiments in the sample without MnPt layer, MgO
substrate // VN(10 nm) / FePt(10 nm) / MgO(2 nm), with results shown
in Fig. 5(d). It is noted that the H, reduction is remarkably small in the
control sample without MnPt, suggesting the major (minor) role in the
MnPt (FePt) layer for H, reduction by AT. Furthermore, the magnetic
properties of FePt layers with and without MnPt are shown in Fig. S5 in
the supplemental material, indicating the similar magnetic properties
between samples. These results lead us to conclude that the MnPt could
be a pronounced spin source and must be responsible for the significant
H. modulation driven by AT, comparing to the FePt layer itself.
According to the results shown in Fig. 3(e), determined from the H.
evolution in pump-probe measurements, significant STT component was
revealed, which was estimated to be ~35 % of total H, reduction at 60
mW pump power. On the other hand, the previous work suggests the
relatively small contribution of thermal STT in the metallic spin-valves,
which exerts a ~1 % tilting of the in-plane magnetization of the CoFeB
layer [21]. We attribute the large STT in the present stack to three
reasons. (i) The spin-transfer efficiency is enhanced at the hetero-
junction interface of MnPt/FePt. The coherent epitaxial growth of the
FePt layer is realized on the MnPt layer, as revealed in Fig. 2(e). The
spin-transfer efficiency at the interface is related to the spin-mixing
conductance, which is governed by the interfacial crystal structure
and electronic band structure [22,23]. Moreover, there exists no spacer
layer between FePt and MnPt to introduce spin relaxation process. The
larger STT would be expected in the present stack than the sample with
amorphous CoFeB and spacer layers of 10-100 nm as reported in
[Ref. 21]. (ii) The high pump laser pulse energy is utilized in the present

experiments and is swept up to 760 J/m? which induces a large tem-
perature difference between the top and bottom of MnPt layer to drive
the thermal spin current, while a pump pulse energy of 10.6 J/m? is
deployed to the stack in [Ref. 21]. And (iii) the saturation magnetization
(M) and the T. of FePt (~1.1 T and ~700 K) are smaller than CoFeB
(~1.5 T and ~900 K). The STT is inversely proportional to the M, so
that a larger magnitude of thermal STT is expected as compared to the
[21]. In addition, the pump laser directly heats the FePt layer while the
CoFeB layer is heated after the 10-100 nm thick Cu spacer layer.
Therefore, significant demagnetization can be realized in FePt, as
compared to the CoFeB, resulting in enhanced thermal STT for the FePt
layer.

Based on the results in Figs. 5(c) and 5(d), we find that the H.
modulation (i.e., expansion or contraction) can be attributed to the STT
that is exerted from the MnPt layer, originating from the principles of
SSE. It has been reported in the exchange coupled bilayer systems such
as antiferromagnetic Mn-Ir/ferromagnet that the My is induced at the
interface as a result of magnetic coupling between Mn and ferromagnet,
which has been revealed by the X-ray magnetic circular dichroism so far
[24]. The coupling configuration depends on the ferromagnetic mate-
rials: parallel configuration in the case for Mn and Co, while antiparallel
configuration for Mn and Fe as in this study [24]. Therefore, down (up)
MLE: is possible at the MnPt/FePt interface when the magnetization of
FePt layer is oriented in the up (down) direction, which suggests that the
MLE could behaves like a ferromagnetic sub-layer adjacent to the FePt
layer with the net magnetization antiparallel to FePt. Considering the
SSE in ferromagnets suggested by Hu et al. [25], the spin current with
both up- and down-spin channels flow in the same/opposite direction,
which is determined by the electronic band structure at the Fermi level.
Although the band structure of My is not clear, we assume here that
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both spin channels flow in the same direction as the ordinary ferro-
magnet, in an attempt to explain the H, change shown in Fig. 5(b) [25].
For AT > 0 with the initial state of up-magnetization of Fe and
down-direction of MY<, the spin current for the down-spin channel (Jg*)
is greater than that for the J;' because the ¢, corresponds to the majority
spin channel for My The net spin current (J; = J;' + J5') is dominated
by the J5', which can exert the STT favorable from up to down for the
magnetization of FePt, resulting in the reduction of H,, as depicted by
the left schematic illustration in Fig. 5(b). In the switching back from
down to up, the majority spin channel of M{: is changed from o, to o1,
resulting in the reduction of H, as well. Therefore, H. can be reduced at
both sides of hysteresis loop. Conversely, for the reversed AT < 0, which
is opposite temperature gradient, the magnitude of J; is still dominated
by the J;'. However, this J; exerts the STT favorable from down to up for
the magnetization of FePt because of the reversed direction of J;. As a
result, H, is enhanced, as depicted by the right schematic illustration in
Fig. 5(b). In the switching back from down to up, enhanced H. is
observed because the majority spin channel of MY< is changed from o,
to 1. Therefore, both side of H, can be enhanced.

Nevertheless, it is sure that the horizontal shift of the out-of-plane
hysteresis loop, as reported in Refs. [26,27], can be attributed to the
z-polarized spin injection by the in-plane charge current, which cannot
expand or contract the H, of the loop in principle. This is because the
direction of z-polarized spin and the resultant STT are constant
regardless of the magnetization switching. This phenomenon might be
also applicable for the device with z-polarized spin injection by the SSE.
However, as we explained above, the My induced at the MnPt/FePt
interface plays a role of z-polarized spin source, and its direction can be
reversed following the FePt magnetization switching, which gives rise to
the H. modulation (i.e., expansion or contraction), not horizontal loop
shift. This is the most unique points in the present TST-HAMR concept
[Fig. 1(a)].

Questions remain regarding the mechanism of AT-driven Js injection
into the top FePt layer in the present bilayer structure. Some possible
mechanisms have been reported so far, including the diffusion of spin
polarized conduction electrons [28] and the magnons [29] driven by AT.
In the reported case of Pt/AFM system with the AFM insulator of NiO,
the interfacial temperature gradient across the surface normal induces a
local Jg, which diffuses into the metallic Pt layer, as suggested by Isaiah
et al [11]. In spite of the same AFM insulator, it was proposed that the
induced phonons may drag magnons arising from the magnon-phonon
interaction in the Pt/CryOg3 system by Seki et al [9]. Although it is un-
clear whether these mechanisms can be similarly applied to our sample
with metallic AFM of MnPt, and how the My< contributes to spin current
driven by SSE, a careful demonstration using various AFM materials
and/or a spin-resolved theoretical band calculation would be useful to
promote the understanding of J; injection mechanism in the HAMR
systems.

5. Conclusion

The H, reduction induced by the static and dynamical A7-driven STT
and TA have been evaluated using epitaxial multilayer samples of MgO
substrate // VN(10 nm) / MnPt(10 nm) / FePt(10 nm) / MgO(2 nm), to
demonstrate the advanced TST-HAMR concept. The H. of FePt layer
clearly increases (decreases) for the static AT < 0 (AT > 0), while the
effect is significantly suppressed by removing the MnPt antiferromag-
netic layer. It indicates that the MnPt layer plays a significant role to
reduce H, by AT. Two origins of STT and TA are separated via pump-
probe measurements with the dynamic heating and cooling impacts
resolved in picosecond delayed time regime. Moreover, the dynamical
heat transfer from the laser beam to the multilayer sample is simulated
using the COMSOL multi-physics package. The results suggest that the
FePt layer is instantly heated at At = +1 ps and then cooled after At = +2
ps. The MnPt layer experiences heating after At = 42 ps and the resulting
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AT lasts for approximate +20 ps, which can be the origin to generate
STT. Both experimental and simulation results imply that STT is the
predominant mechanism to reduce the H, within 430 ps after the pump
lase pulse irradiation, while TA dominates the H, reduction when the
STT vanishes at longer At.
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