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Abstract Perpendicular magnetic tunnel junctions with double-interface free layer (p-DMTJs), which ex-
hibit enhanced tunnel magnetoresistance (TMR) and thermal stability (A) at the nanoscale, have received
considerable interest as building blocks for spintronic data storage devices. Heat-assisted magnetic recording
(HAMR) techniques have been widely employed in mainstream magnetic storage to enable ultrahigh storage
density. However, the data access is achieved by sensing the stray field of the selected magnetic element using
a mechanical “read head”, resulting in an unfavorable speed limitation and design complexity. To address
this issue, integrating laser-assisted switching with a high-performance magnetic tunnel junction has received
interest in spintronic R&D; however, it has not yet been achieved. In this study, we experimentally explored
femtosecond (fs) laser-assisted switching in a p-DMTJ device using a direct electrical TMR readout. We
demonstrate two reconfigurable switching operations, i.e., binary “write” and unidirectional “reset”, by the
interplay of the fs laser and synchronized magnetic field sequence. We further explored the joint effect, and
a switching phase diagram was obtained. The effect of the stray field of p-DMTJ, as well as laser helicity,
on switching is also discussed. Results show the feasibility of fs laser-assisted writing p-DMTJs, which can
pave the way in high-density optospintronic storage applications.

Keywords magnetic tunnel junctions (MTJs), heat-assisted magnetic recording (HAMR), spintronics, fem-
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1 Introduction

The emerging potentials of magnetic tunnel junctions (MTJs) as building blocks for next-generation
spintronic data storage devices have attracted significant attention owing to their nonvolatility and high
scalability [1-7]. CoFeB/MgO-based MTJs with perpendicular magnetic easy axis (p-MTJs), where per-
pendicular magnetic anisotropy (PMA) originates at the CoFeB/MgO interface [8], have high thermal
stability (A) for nanoscale devices, high tunnel magnetoresistance ratio (TMR), and low power consump-
tion simultaneously [9-11]. Recently, it was reported that TMR and A can be further increased in p-MTJs
using a MgO/CoFeB/W /CoFeB/MgO double-interface free layer (FL) structure (p-DMTJs) [12,13] with
atom-thick W spacer and bridging layers [14-16]. This offers a suitable candidate to facilitate high-
performance spintronic data storage [17].

As to mainstream magnetic storage, such as hard disc drives, heat-assisted magnetic recording (HAMR)
techniques have been widely employed to enhance storage density [18,19]. In a HAMR, device, switching
is assisted by the local laser heating of the magnetic element, which momentarily lowers its coercive field.
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Figure 1 (Color online) MTJ stack structure and magnetic characteristics. (a) Schematic of the p-DMTJ stack structure.
Ta/Ru/Ta is the bottom electrode. The bottom (Co/Pt)m, and top (Co/Pt), with the CoFeB layer were antiferromagnetically
coupled with a thin Ru layer to form a SAF reference layer. The MgO layer is the tunnel barrier. The double-free-layer structure
(CoFeB/W /CoFeB/MgO) with an atom-thick W spacer was used. (b) M-H hysteresis loops measured as a function of out-of-plane
(black) and in-plane (blue) applied magnetic field at room temperature using PPMS-VSM. The film exhibited strong PMA in both
the free and reference layers. Inset: Out-of-plane M-H minor loop of the p-DMTJ stack.

Moreover, a reduced magnetic field is generated by the “write head” to set the magnetization direction.
Nevertheless, as to data access, a mechanical “read head” is always required to sense the stray field or
magnetic-optical contrast of the selected magnetic element, which results in an unfavorable access delay
and design complexity.

To address this issue, integrating heat-assisted switching with MTJs has been considerably investigated
in spintronic R&D [20], such as thermally-assisted switching (TAS) schemes [21,22]. By circulating current
in write lines, Joule heating has been used to assist the switching of specially designed in-plane MTJs
while a reduced magnetic field is applied. However, current-induced Joule heating unavoidably results
in drastic energy dissipation and heat-up delay. For future high-density spintronic storage [23,24], the
femtosecond (fs) laser-assisted switching of a high-performance p-DMTJ has not yet been proposed. The
effect of additional magnetic FLs on the switching process has not been clarified. Moreover, no systematic
study has been reported on the joint effect of laser and synchronized magnetic fields.

In this work, we experimentally investigated fs laser-assisted switching in a high-performance p-DMTJ
device, which was read out directly through a real-time electrical TMR measurement. Using an fs laser
pulse train and a synchronized magnetic field sequence, reconfigurable switching operations, such as the
toggle “write” and unidirectional “reset”, were investigated. The synergy between the fs laser pulses
and the magnetic field sequence was further investigated, and a switching phase diagram was obtained.
Finally, the effect of the stray field of p-DMTJ, as well as laser helicity, on switching is discussed.

2 Device characterization

Figure 1(a) shows a magnetic thin film of the p-DMTJ used in this study. This film comprises, from the
substrate side upwards, Ta (3)/Ru (20)/Ta (0.7)/[Co (0.5)/Pt (0.35)]s/Co (0.6)/Ru (0.8)/Co (0.6)/[Pt
(0.35)/Co (0.5)]35/W (0.25)/CoFeB (0.9)/MgO (0.8)/CoFeB (1.2)/W (0.3)/CoFeB (0.5)/MgO (0.8)/Pt
(1.5), deposited on a thermally oxidized Si (001) substrate at room temperature (30°C) through Singu-
lus DC and RF magnetron sputtering (numbers in parentheses denote the thicknesses of each layer in
nanometers, and the subscripts for Co/Pt multilayers are the numbers of repeat). The composition of the
CoFeB target was CoggFegoBag (in atomic %). The Ta/Ru/Ta layer was used as the bottom electrode.
The bottom (Co/Pt)y, and top (Co/Pt), multilayers, with the CoFeB layer, were antiferromagnetically
coupled through a thin Ru layer, forming a synthetic antiferromagnetic (SAF) reference layer. The MgO
layer was the tunnel barrier. For the FL, the bottom and top CoFeB layers were ferromagnetically coupled
with a 0.3-nm W spacer layer. The double-FL structure was employed to enhance A while maintaining
the writing energy efficiency. After deposition, the stacks were annealed at 400°C in a vacuum for 1 h to
enhance PMA.

We investigated the magnetic characteristics of the full-sheet M'TJ stack using physical properties mea-
surement system-vibrating sample magnetometer (PPMS-VSM) at room temperature (30°C). Figure 1(b)
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Figure 2 (Color online) Characterization of the fabricated p-DMTJ device. (a) Optical microscope image of the p-DMTJ device.
Circular MTJ pillars were fabricated using multistep optical lithography and Ar ion milling. The diameter of the MTJ pillar was
5 um, with four electrode pads to perform TMR detection. A 100-nm-thick indium tin oxide (ITO) film was employed as the
transparent top electrode, enabling both efficient optical access and electrical detection. (b) R-H magnetoresistance loop measured
as a function of applied out-of-plane magnetic field ranging from —200 to +200 mT. The result shows that the double-free layers
simultaneously switched, and the TMR ratio was calculated to be 119%.

shows the M-H hysteresis loops of the p-MTJ film, i.e., without the device fabrication, as a function of
the out-of-plane (black) and in-plane (blue) applied magnetic field. The film exhibits that strong PMA
was present in both the free and reference layers, as indicated by the 100% remanence and squareness
of the major hysteresis loops. According to the minor loop (inset of Figure 1(b)), the two CoFeB FLs
simultaneously switched due to the ferromagnetic coupling from the atom-thick W layer, which is critical
for the p-DMTJ performance. As reported in our previous work [13], the enhanced annealing endurance,
up to 400°C, originates from reduced atom diffusion when a W bridging and spacer layer is used. This
improves the crystalline quality of the MgO layer and the bcc texture of the CoFeB layers, resulting in
high TMR. Note that the loop shift was relatively small for the full-sheet sample (~ —3 mT), indicating a
significant reduction in the stray field attributed to the SAF reference layer. A coercive field of 7 mT was
achieved. The anisotropy field was determined from the hard-axis loops by sweeping the in-plane field,
and it was found to be as large as 300 mT. These results are consistent with those of previous studies on
similar double-FL p-DMTJ stacks.

Furthermore, the full films were used to fabricate circular MTJ pillars using multistep optical lithog-
raphy and Ar ion milling. A 100-nm-thick ITO layer was used as the transparent top electrode through
electron beam evaporation, which allows both efficient optical access and high signal-noise-ratio electrical
detection. Because the transparency and electrical conductivity of ITO are significantly dependent on
deposition conditions, the deposition process was carefully optimized before the MTJ fabrication, which
is a crucial step in laser-assisted switching measurements.

Figure 2(a) shows the optical microscope image of the fabricated MTJ devices with a pillar diameter
of 5 um and four electrode pads for TMR detection.

After fabrication, TMR measurements were performed on the patterned MTJ device by sweeping an
out-of-plane magnetic field ranging from —200 to 4200 mT, as shown in Figure 2(b). The result shows
that the double FLs switched simultaneously, and the MTJs exhibited a bi-resistance state, denoted as
Rap = 173.7 Q (AP: antiparallel) and Rp = 79.3 Q (P: parallel). Specifically, resistance transition events
were observed at the switching field of +135 and —85 mT, which is attributed to the stray field from the
Co/Pt SAF layers. The difference in the loop shift between the full-sheet film and patterned MTJ is in
agreement with that of the previous studies [11,13]. The TMR ratio was calculated to be 119%, which
could be further enhanced by optimizing the MTJ structure, as reported in previous studies; however,
this was beyond the scope of the present work.

3 Results

We further investigated single-pulse fs laser-assisted switching in the p-DMTJ device. In the measure-
ment, the p-DMTJ was first saturated by an external magnetic field. Thereafter, as shown in Figure 3,
the p-DMTJ was exposed consecutively to linearly polarized laser pulses with the laser energy of 600 nJ,
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Figure 3 (Color online) Experimental demonstration of fs
laser-assisted toggle “write” in the p-DMTJ device. In the mea-
surement, the p-DMTJ was exposed consecutively to linearly
polarized laser pulses, which were synchronized with a bipolar
out-of-plane magnetic field sequence of 260 mT. The switching
was readout electrically through four-point TMR measurement
in real time. In Region I, when only a bipolar magnetic field se-
quence was applied without firing a laser pulse, both the P and
AP states were stable against such a magnetic field disturbance.
Switching was only possible when the magnetic field sequence
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Figure 4 (Color online) Experimental demonstration of fs
laser-assisted unidirectional “reset” in the p-DMTJ device. In
region I, which was the reference, a magnetic field sequence was
synchronized again by the fs laser pulse train with the single-
pulse energy of 600 nJ. A reliable toggle switching was also
observed. In region II, the laser pulse energy was reduced to
400 nJ. Here, only a unidirectional switching to the P state was
observed, and it never toggled back to the AP state using the
same configuration. Switching back to AP was only possible
with higher laser energy.

was synchronized by the fs laser pulse train with a pulse en-
ergy of 600 nJ. In Region II, robust fs laser-assisted switching
of the p-DMTJ was observed, which was determined by the di-
rection of the bipolar magnetic field sequence. The resistance
was equal to that in the R-H loop, indicating a complete rever-
sal. The final resistance state (Rp, Rap) was determined by
the direction of the magnetic field sequence (“0” and “17).

which was synchronized with a bipolar out-of-plane magnetic field sequence of 60 mT (+ and — denoted
as “1” and “0”, respectively) for a duration of 1 s. The laser pulse duration was ~ 100 fs, with a spot
size of 100 pm and wavelength of 700 nm. The repetition rate of the laser was set to 0.5 Hz to avoid
the accumulated heating effect. The magnetoresistance response of the p-DMTJ was measured using a
four-point TMR measurement in real time, with a sampling interval of 250 ms.

Figure 3 shows the results of fs laser-assisted switching in the p-DMTJ under different configurations.
In region I, which was used as a comparison, in the case when only a bipolar magnetic field sequence
was applied without firing a laser pulse, both the P and AP states were stable against such disturbances.

Switching was only possible when the magnetic field sequence was synchronized by the fs laser pulse train
with the pulse energy of 600 nJ.

As shown in region II, a robust toggle switching of the p-DMTJ upon every fs laser pulse was ob-
served. The fs laser-assisted TMR switching was determined by the direction of the bipolar magnetic
field sequence. The resistance was equal to that in the R-H loop, indicating a complete reversal. The
final resistance state (Rp, Rap) was determined by the direction of the magnetic field sequence (“0” and
“17). These results indicate that the proposed laser-assisted writing scheme could be well implemented
in p-DMTJ devices because a reliable “write” operation is critical for binary storage devices.

In magnetic storage devices, controllably resetting the memory bit before a “write” operation is often
desirable. To validate the unidirectional “reset” operation, the fs laser-assisted switching measurement
was performed, as shown in Figure 4. In region I (the reference), the magnetic field sequence was
synchronized again by an fs laser pulse train with the single-pulse energy of 600 nJ. A reliable toggle
switching to both the AP and P directions was also observed, as shown in Figure 3. In region II, the laser
pulse energy was reduced to 400 nJ. Here, only the unidirectional switching to the P state was observed;
it never toggled back to the AP state for the same configuration. Switching back to AP was only possible
with higher laser energy (600 nJ in our measurements). This asymmetrical switching behavior could be
partially attributed to the stray field of the p-DMTJ, which is further discussed in Section 4.

We verified the feasibility of the fs laser-assisted switching in the p-DMTJ. Two proofs-of-concept
functionalities, i.e., toggle “write” and unidirectional “reset”, were implemented by the interplay of the
laser energy and magnetic field sequence. These reconfigurable laser-assisted switching operations indicate
an emerging potential for integrated photonic-spintronic storage devices.
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Figure 5 (Color online) Joint effect of the fs laser, magnetic field, and stray filed of p-DMTJ on the proposed switching scheme.
(a) Switching phase diagram of fs laser-assisted switching in the p-DMTJs, with the interplay between the fs laser pulse energy
and write sequence. Three configuration regimes of the proposed switching scheme are shown. In the case of |Hext| < |Hin,aP—p|
(gray region), no successful MTJ switching was observed for both states. In the case of |Hext| > |H¢n,p—ap| (blue region), a regime
of toggle “write” was observed. For |Hipn ap—p| < |Hext| <|H¢n,p—ap| (green region), only the unidirectional AP — P switching
was observed. (b) Typical helicity-dependent measurement for AP — P and P — AP switching by fs laser pulse with left- and
right-handed circular polarizations, respectively. ApoH denotes the |Hyy,| deviation relative to the ones for linear polarization.
No significant helicity dependence effect was observed using different laser helicity, indicating the major role of conventional TAS
induced by laser heating and negligible circular dichroism.

4 Discussion

We further investigated the effect of the laser pulse energy (E,), the magnitude of the magnetic field
(|Hext|), and stray field of the p-DMTJ on the proposed switching scheme. The p-DMTJ device was
exposed to a laser pulse train with £, ranging from 0 to 600 nJ. Thereafter, a synchronized Hex; write
sequence with the magnitude from 0 to 140 mT was applied. The repetition rate of each measurement
was set to 0.1 Hz to avoid accumulative laser heating. The switching was electrically monitored with a
real-time TMR measurement.

Figure 5(a) shows the switching phase diagram of the p-DMTJ under the joint effects. For both P
— AP and AP — P cases, the threshold |Heyt| for deterministic switching (denoted as |Hyy|) gradually
decreased as the laser energy increased, indicating lowered coercive field. A 92% decrease in |ch, AP—P|
was observed at E}, = 600 nJ. The relatively small laser energy to almost fully demagnetize the FL is
attributed to an efficient heat transmission of the fs laser pulse compared with current-induced heating
in TAS. Furthermore, due to the thermal nature of the proposed scheme, the required laser energy could
be scaled down to tens of fJ to write a nanosized MTJ. As already implemented in HAMR technology,
using integrated photonic techniques, such as using a nano-photonic plasmonic antenna, a spot radius
below 40 nm could be generated [23]. Thus, the proposed scheme shows good potential with enhanced
efficiency and scalability.

We observed three configuration regimes of the fs laser-assisted switching scheme, as depicted in Fig-
ure 5(a). In the case of [Hext| < |Hin,ap—p| (gray region), no successful MTJ switching was observed for
both states. For |[Hext| > |Hin,p—ap| (blue region), a regime of binary “write” was observed. These results
are consistent with those shown in Figure 3. Moreover, in the case of [Hin ap—p| < |Hext| <|Hn,p—ap|
(green region), only unidirectional AP — P switching was observed, as shown in Figure 4.

The difference between the |Hn p—ap| and |Hin, ap—p| demonstrates the asymmetric switching behav-
ior of the proposed scheme, which may be partially attributed to the spatially nonuniformly distributed
out-of-plane stray field of the p-DMTJ. The spacing between the two |H,| was almost independent of
laser energy, indicating a negligible demagnetization of the reference layer that produces the stray field.
Because switching in micro-sized p-MTJ devices is initiated by the domain nucleation and wall propaga-
tion, the inhomogeneous distribution of the stray field significantly affects the region where the nucleation
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starts [25]. Moreover, the out-of-plane stray field acting on the edges of FLs is much higher than that
at the center [25,26]. Accordingly, lower Hin ap—p might be attributed to the stray field that assists
nucleation at the edges, and a smaller |Hqy¢| is needed for complete switching. However, other magnetic
interactions, together with the joint effects of ultrafast heating, might also be nontrivial factors causing
the asymmetry behavior observed here. Further quantitative investigation on the role of the stray field
of p-DMTJs is beyond the scope of the present work. Above all, the combined effects, with the switching
phase diagram, provide some insights into the proposed fs laser-assisted switching scheme.

Finally, we investigated if either all-optical helicity-dependent switching (AO-HDS) or magnetic cir-
cular dichroism in the PMA layers [27-30] gives rise to significant laser helicity dependence on the
p-DMTJ. Previous studies [31] reported that laser-induced helicity-dependent switching can be observed
using multiple laser pulses in some of the ferromagnetic systems, such as Co/Pt multilayers and FePt
granular media, although not including the CoFeB/MgO system yet. Thus, we consider if significant
laser helicity dependence on the CoFeB/MgO-based p-DMTJ exists because it may add functionality
for future integrated optospintronic storage applications. To this end, we measured the fs laser-assisted
switching in the p-DMTJ using left- and right-handed circularly polarized laser pulses. Figure 5(b) shows
the results for AP — P and P — AP of the |Hiy,| deviation compared to the ones using linear polar-
ization. No significant helicity dependence was observed using different laser helicity for switching to
both directions, indicating the major role of conventional TAS induced by laser heating and negligible
circular dichroism. To enhance the helicity-dependent effect, we propose that material explorations are
the first step. By properly designing multilayer stacks or using ferrimagnetic systems such as GdFeCo,
the helicity-dependent effect could be enhanced and implemented into device applications, but it was
beyond the scope of our present paper.

5 Conclusion

In this study, we experimentally investigated fs laser-assisted switching in a high-performance p-DMTJ
device. The feasibility of the proposed scheme was explicitly verified through real time electrical TMR
measurements. Notably, reconfigurable laser-assisted switching operations, including binary “write” and
unidirectional “reset”, were validated using fs laser pulses and synchronized write sequences. Moreover,
the joint effects of the laser, magnetic field, and stray field of the p-DMTJ were investigated, and a
switching phase diagram was obtained. Negligible laser helicity dependence was also observed, which is
attributable to the dominance of thermally-assisted magnetic switching induced by the fs laser pulse. The
proposed fs laser-assisted writing scheme for p-DMTJs is promising for future high-density optospintronic
storage applications.
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