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Progress towards picosecond on-chip magnetic memory
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2Department of Electrical Engineering and Computer Sciences, University of California, Berkeley, California 94720, USA
SFraunhofer IPMS, An der Bartlake 5, 01109 Dresden, Germany
4Université de Lorraine, CNRS, IJL, Nancy, France.

Abstract
We offer a perspective on the prospects of ultrafast spintronics and opto-magnetism as a pathway to high-
performance, energy-efficient, nonvolatile embedded memory in digital integrated circuit applications.
Conventional spintronic devices, such as spin-transfer-torque magnetic-resistive random-access memory
(STT-MRAM) and spin-orbit torqgue MRAM, are promising due to their non-volatility, energy-efficiency,
and high endurance. STT-MRAMSs are now entering into the commercial market, however they are limited
in write speed to the nanosecond timescale. Improvement in the write speed of spintronic devices can
significantly increase their usefulness as viable alternatives to the existing CMOS-based devices. In this
article, we discuss recent studies which advance the field of ultrafast spintronics and opto-magnetism. An
optimized ferromagnet-ferrimagnet exchange-coupled magnetic stack, which can serve as the free layer of
a magnetic tunnel junction (MTJ), can be optically switched in as fast as ~3 ps. Integration of ultrafast
magnetic switching of such a stack into an MTJ device has enabled electrical readout of the switched state
using relatively larger tunneling magnetoresistance ratio. Purely electronic ultrafast spin-orbit torque
induced switching of a ferromagnet has been demonstrated using ~6 ps long charge current pulses. We
conclude our perspective by discussing some of the challenges that remain to be addressed to accelerate
ultrafast spintronics technologies toward practical implementation in high-performance digital information

processing systems.

*d.polley@berkeley.edu



Introduction

With the advent of massively data-intensive artificial intelligence algorithms, on-chip memory is becoming
increasingly important in modern computing systems. However, in the conventional silicon CMOS-based
random-access memory (RAM) devices (static and dynamic RAM, i.e. SRAM and DRAM), there exist
challenges in the form of volatility, active/passive energy dissipation, and scalability which become more
difficult as feature sizes are further reduced*’. The field of spintronics is emerging as a promising
alternative technology that utilizes the spin degrees of freedom of the electron instead of its charge for data
manipulation. The non-volatility of magnetic bits in spintronic devices results in low static energy
dissipation and enables efficient fine-grained processor power management approaches, leading to an
overall improvement in the energy efficiency® of the system. Additionally, they have other desirable

properties such as high endurance and relative ease of integration with existing Si processes.

The state-of-the-art among conventional spintronic devices is the magneto-resistive random-access memory
(MRAM). The building block of an MRAM device is a magnetic tunnel junction (MTJ) which consists of
two ferromagnet (FM) layers separated by a thin oxide tunnel barrier layer. One of the FM layers constitutes
a fixed reference, and its magnetization remains unchanged over the operation of the device. The second
FM layer is called the “free layer” and its magnetization can be flipped to store either a ‘0’ or a ‘1’ of binary
information. The reading of the magnetization state of the device is performed by passing a small current
across the MTJ device and measuring the tunneling magnetoresistance (TMR) of the memory cell which is
known to depend on the relative orientations of the free and reference layers. With increasing TMR ratio
between the two resistance states, the reading operation can be performed with higher accuracy and with

smaller and faster reading current®.

First versions of MRAM used in-plane magnetized thin films and were written via the Oersted fields
generated by the currents passing through the addressing wires®!°. Newer versions exploit the faster, more
energy-efficient, and scalable spin-transfer torques (STT) and spin-orbit torques (SOT) in order to control
the magnetization of out-of-plane magnetized materials'>>°12, Schematic representations of STT and SOT
pulse-induced switching mechanisms in an MTJ framework are shown in Fig. 1a,b. STT arises due to the
transfer of spin angular momentum between two non-collinear magnetized layers across the tunnel
barrier>!®, In STT-MRAM devices (as schematically shown in Fig.1a), a large write charge current is passed
across the thickness of the MTJ cell. It leads to a flow of spin-polarization and the transfer of angular
momentum from the itinerant electrons to the local moments of free magnetic layer. which ultimately
reverses the magnetization direction of the free layer if its initial magnetization is opposite to that of the

fixed layer. The switching time of STT-MRAM devices ranges from a few nanoseconds (ns) to tens of ns



depending on the write current density and pulse width. Reliable 2-3 ns switching of STT-MRAM devices
have been demonstrated with less than 10 write error rate (WER)***® showing bright prospects for its use
in “last-level” on-chip memory caches'®’. Industrial partners have already demonstrated STT-MRAM
arrays for both standalone and embedded applications*® %, However, STT devices require a relatively high
write current density to be passed through the oxide tunnel barrier for faster operation. After many cycles,
this degrades the oxide quality and ultimately limits the endurance of the device. Another drawback of the
STT device is the incubation delay resulting in a slower switching time and wide distribution of switching

16,21,22

voltage, even in a single junction.

An alternative to STT-MRAM is to use the SOT mechanism. SOT originates either i) at the interface of the
magnetic and the non-magnetic metal due to the interaction of spin-orbit coupling, magnetic exchange, and
symmetry breaking at the interface which can be interpreted with the Rashba-Edelstein effect’*?*% or ii)
due to the flow of spin currents from the non-magnetic metal to the magnetic layer which can be explained
by spin-Hall effect?®® %%, In SOT-MRAM devices, a charge current is passed through a large spin-orbit
coupling layer (typically heavy metals such as Ta, Pt, W etc.) which leads to a transverse spin current,
causing a spin accumulation at the surfaces and interfaces of the heavy metal layer (as schematically shown
in Fig.1b). The accumulated spins exert a torque on the spins in an adjacent magnetic layer, for example,
the free layer of an MTJ, which can result in magnetization switching of that layer. SOT-MRAM devices
are faster (sub-ns to few ns),?>* can be more energy-efficient®?®** than STT-MRAM devices, and offer
increased endurance as the write current passes through the heavy metal layer, and not through the tunnel
barrier layer in the MTJ. SOT-MRAM has found applications as L1/L2 SRAM cache replacement®. As a
three-terminal device, the density of SOT-MRAM may be lower compared to STT-MRAM but can still be
higher compared to conventional SRAMs®*%*, STT-MRAM and SOT-MRAM devices have the potential to
replace the conventional SRAM and flash-drive devices due to their low switching energy, faster speed,
non-volatility, and the added advantage of nanoscale integration’ 3%, The typical writing energy densities
of STT and SOT-MRAM devices are ~40 aJ/nm? and ~1 aJ/nm? respectively®. A significant disadvantage
of these spintronic devices compared to CMOS devices is the write speed. The switching speed of FM
materials at thermal equilibrium are limited by their precessional dynamics, which is typically in the GHz
frequency range’ . The fastest reported STT and SOT devices required ~50 picoseconds (ps)** (~ 10 mA
order current in an for in-plane magnetized sample) and ~200 ps®® (1 mA order current in an out-of-plane
magnetized sample) current pulses respectively. It is highly desirable to increase the magnetization
switching speed at low switching current so that the spintronic devices can be more competitive with
CMOS-based devices.



To improve the switching speed of magnets in spintronic devices we turn to the field of ultrafast magnetism
(or femtomagnetism), which was discovered in 1996 by Beaurepaire et al.,*> with the observation of sub-
ps magnetization quenching of a Ni thin film upon irradiation with ultrafast laser pulses. Their work first
demonstrated that femtosecond (fs) laser pulses could be used instead of external magnetic fields to
manipulate the magnetization state of a material in an ultrafast fashion. Ultrafast manipulation of
magnetization using fs optical pulses is of particular interest as the magnetization dynamics are much faster
than conventional precessional dynamics. The most exciting phenomenon in ultrafast magnetism is
arguably the helicity independent all-optical switching (HI-AOS)** of magnetization, wherein a magnetic
film reverses its magnetization within a couple of ps by a single ultrashort (~100 fs) laser pulse irradiation.
Ultrafast HI-AOS does not require an external magnetic stimulus, is independent of the polarity (helicity)
of the laser pulse, and is understood to be arising from the ultrafast non-equilibrium heating of the magnet
by the laser pulse* ¢, This phenomenon was reported first in GdFeCo alloy* in 2011 and then mainly in
other Gd-based alloys and multilayers (MLs)**“**® with a few recent interesting exceptions such as
Mn2RuxGa alloy®®*” and Co/Th ML, In all these cases, the magnetic material is a ferrimagnet (FEM),
rather than a FM. Another surprising feature of HI-AOS is that the magnetization switches back and forth

upon subsequent laser pulses in a “toggle” switching fashion.
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Figure 1: The schematic of a basic MTJ cell employing (a) STT, (b) SOT mechanism, and (b) fs pulse excitation

Instead of using a conventional FM as the free layer of the MTJ building block, researchers have studied a
toggle-switchable FEM exhibiting HI-AOS as the free layer. The free layer in such an opto-spintronic
device can be switched optically and then the TMR across the MTJ is measured to read the corresponding

magnetization state®®*°®2 However, the TMR ratio of an MTJ device tends to be small when only a FEM



is used as the free layer® due to its low spin-polarization. Unfortunately, according to the current
understanding of the HI-AOS mechanism, a FM free layer (with larger TMR) cannot be switched optically.
However, recent experiments have shown that a ferromagnetic free layer which is exchange-coupled®®*
with an optically switchable FEM, can be utilized as an optically switchable free layer. Such exchange
coupled magnetic bilayers can then be utilized in an MTJ device in order to enhance the read signal due to
larger TMR ratio. A FM layer can also be switched by the spin-current generated from the ultrafast
demagnetization of an optically switchable FEM, where the two layers are constructed as spin-valve .

In Section 1 of this perspective, we review our recent experimental observations of magnetization reversal
dynamics of a Co/Pt ML coupled to a CoGd alloy which can be used as the free layer of an opto-MTJ stack.
We explain the ultrafast HI-AOS of the Co/Pt using an extended microscopic three temperature model
(M3TM)3746506889 and show that an indirect Ruderman—Kittel-Kasuya—Yosida (RKKY) exchange
interaction between the Co/Pt and CoGd"*" can explain magnetization reversal dynamics of the FM on the
ultrafast timescale. In Section 2, we review studies of optical switching of a complete opto-MTJ cell, the
free layer of which comprises of an optically switchable and exchange coupled FM-FEM heterostructure.
In one of those studies, the authors investigated the ultrafast time-resolved magnetization reversal dynamics
of an MTJ, which is a substantial stride towards building a functional opto-MRAM device. In the last
section, we discuss one of our recent studies where we observe ultrafast SOT induced magnetization
reversal in a Co thin film using ~6 ps electrical pulses generated from a photo-conducting “Auston switch”"?
in the presence of a symmetry-breaking in-plane magnetic field. Time-resolved measurements in the low
(sub-switching) fluence domain confirm the effect of damping-like torque and field-like torque for different
in-plane magnetic field and ultrafast current directions. We discuss the switching mechanism using a
temperature-dependent Landau-Lifschitz-Gilbert (LLG) macro-spin model. Finally, we conclude this
review by addressing some challenges of designing fully integrated, on-chip advanced spintronic devices

based on ultrafast SOT. We also discuss our perspective on the future developments in this field.

Section 1: Ultrafast all-optical magnetization switching of a ferromagnet in a coupled

ferromagnet-ferrimagnet heterostructure

As mentioned previously, one concept for building an opto-spintronic device is to use an optically
switchable FM-FEM heterostructure as the free layer of an MTJ and electrically read the magnetization
state by measuring the TMR. The TMR of an MTJ is much higher with a conventional FM layer on both

sides of the oxide barrier due to their high spin-polarization®***"" and the enhanced TMR improves the



reading speed and read disturbance rate of an MTJ™. In order to use such an exchange coupled
heterostructure as a free layer in an MTJ cell for ultrafast memory applications, it is imperative to
understand the magnetization reversal dynamics under optical excitation. We therefore previously
investigated the magnetization dynamics of a Co/Pt ML exchange-coupled via RKKY interaction with a
GdFeCo alloy to use it as a free layer of an MTJ cell®®. The nature of the RKKY exchange coupling was
tuned by simply changing the thickness of a metallic spacer layer (Pt in our case) between the two magnetic
layers. We showed that the Co/Pt layer, coupled either ferromagnetically or anti-ferromagnetically with the
GdFeCo alloy, can be switched in ~7 ps upon irradiation by a short laser pulse when it is ferromagnetically
coupled with GdFeCo®. However, we separately have observed that a GdFeCo film does not maintain
perpendicular magnetic anisotropy (PMA) below lateral dimensions of 1 um, whereas CoGd retains its
PMA even for ~200 nm dot size®'. Scaling these magnetic bits down to sub-100 nm lateral dimensions with

PMA is critical for ultimately achieving high device density.
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Figure 2: (a-c) Depth sensitive single-shot MOKE micrographs of the (a) ferromagnetically, (b) anti-ferromagnetically and (c) decoupled FM-FEM
stack. (d-e) Depth-sensitive time resolved magnetization dynamics of Co/Pt and CoGd for decoupled (d) and ferromagnetically coupled (e) stacks.
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(f-h) The simulated magnetization dynamics of Co, Gd, and Co/Pt sublattice simulated for ferromagnetically, anti-ferromagnetically and decoupled
FM-FEM stack and the time-evolution of corresponding electron and lattice temperature using the extended M3TM model, and the corresponding
evolution of electron and phonon temperatures are shown by light yellow and cyan filled regions, respectively, and the Curie temperatures of Co
and Co/Pt are shown by the dotted lines. Reproduced with permission from Adv. Funct. Mater. 32, 2107490 (2022)%. Copyright 2021 John Wiley
and Sons.

Hence, we also studied the HI-AOS dynamics of a Co/Pt ML when exchange coupled to Co7Gds alloy via
RKKY type exchange interaction®. The complete structure is the following:
Substrate/Tas/Pt,/[C0g.s/Pto.25] X 3/C0o.5/Ptas/ CoGd1o/Pts, Where the thicknesses of the layers in nm are given
as subscripts, ‘X’ denotes a multilayer structure with the following number (here ‘3”) denotes of number
repeats of that layer. The Pt spacer layer has variable thickness d for different samples. The RKKY coupling
was tuned from ferromagnetic (d: 1, 1.5 and 2 nm) to anti-ferromagnetic (d: 2.5 and 3 nm) to decoupled (d:
3.5 and 4 nm) by changing the Pt spacer layer thickness. We found the exchange bias of the
antiferromagnetically coupled stacks to be 1160 Oe and 100 Oe respectively for 2.5 and 3 nm Pt by
measuring minor hysteresis loops of CoGd®. Depth-resolved single-shot HI-AOS magneto-optical Kerr
effect (MOKE) micrographs, obtained using the layer-sensitive MOKE measurement technique® >’ are

shown in Fig. 2a-c for different Pt layer thicknesses. Using this technique, we can distinguish the
magnetization of the CoGd alloy and Co/Pt ML separately by carefully tuning the angle of a ’1/4 plate in

the light path. For ferromagnetically and anti-ferromagnetically coupled stacks, as shown in Fig. 2a-b, the
magnetizations of both the CoGd alloy and Co/Pt ML (respectively represented by pink and blue arrows)
get switched with successive single-shot laser pulses as observed from the change in magnetic contrast
where the pulse energy is higher than the switching threshold. However, when the layers are decoupled, as
shown in Fig. 2c, only the CoGd demonstrates toggle switching but CoPt stays demagnetized as evident
from the reduced magnetic contrast, and the magnetization direction is shown with the unidirectional blue
arrow. Non-local spin-current coming from the demagnetization of the Gd sublattice has been argued to be
the reason for the ultrafast switching of Co/Pt in magnetic heterostructures where the FM (Co/Pt) is
separated from the optically switchable FEM®¢" with a thick Cu layer (~10 nm). The thick Cu layer
prevents any magnetic exchange coupling between the two layers. It was observed that a 2 nm Pt layer
almost fully blocks the spin current originated from the Gd sublattice of the FEM which inhibits the
switching of the FM®*%, In our structure, the Pt spacer is 3 nm thick for the antiferromagnetically coupled
stack and more importantly, the magnetization of Co/Pt ML switches for both parallel and anti-parallel
alignment with CoGd, which proves that switching of Co/Pt ML is mediated by RKKY exchange coupling,
ruling out the role of non-local spin current in the switching of the Co/Pt ML. Layer-resolved single-shot
switching experiments demonstrate the dynamics of the switching phenomenon in CoGd and Co/Pt MLs

as shown in Fig. 2d-e. In the decoupled stack (Fig. 2d), CoGd switches (crosses zero) in ~1.5 ps, and the



Co/Pt gets demagnetized close to ~90 % before showing a slow remagnetization towards its initial
magnetization direction. For the ferromagnetically coupled stack (Fig. 2e), CoGd reverses its magnetization
after ~1.5 ps. The Co/Pt ML exhibits a two-step like switching i.e. an almost complete demagnetization in
~450 fs (due to ultrafast optical excitation/heating) and magnetization reversal in ~3 ps (because of angular
momentum exchange with the already reversed CoGd). Such a two-step process strongly supports that the
RKKY exchange interaction is responsible for the reversal of already softened (hot) Co/Pt magnetization.
This is the fastest reported switching of a FM irrespective of the stimuli (STT, SOT, or AQS).

We model the observed RKKY exchange coupling mediated ultrafast AOS by extending the M3TM
proposed by Beens et al.****'8, We consider (i) an inter-sublattice exchange scattering between Co and Gd,
(i) a long-range RKKY exchange between the Co and Gd sublattices of CoGd and Co/Pt, and (iii) the
Elliot-Yafet type spin-flip scattering for the CoGd and Co/Pt subsystems. Our simulations show that the
reversal of CoGd for three types of stacks occurs at ~1.5 ps. There are no large differences observed in
CoGd reversal dynamics for ferromagnetically, antiferromagnetically coupled, and decoupled stacks, which
are shown in Fig 2f-h. On the other hand, a clear difference is observed for the magnetization dynamics of
Co/Pt between decoupled and coupled samples. The electron temperature of Co/Pt increases beyond its
Curie temperature for a sufficiently high absorbed laser fluence. As a result, Co/Pt stays demagnetized until
it cools down and is acted on by the RKKY exchange from the already switched CoGd, leading to the two-
step switching. We observe that the switching time of Co/Pt strongly reduces with increasing RKKY
exchange strength for a fixed laser fluence. It has been shown that Co/Pt cannot be switched for a decoupled
stack where there is no angular momentum transfer channel between the two subsystems by exchange
coupling, whereas, for the magnetically coupled stack, the Co/Pt can be switched in ~4 ps even if the RKKY
exchange scattering strength is only ~5% of the direct exchange of CoPt as shown in Fig. 2f-h. The range
of RKKY coupling used in the simulation is Jgxxy = £0.05 * Joopr = + 6.658 x 10723 J. If we assume
a typical lattice constant of 4A (a), the coupling strength (J/a?) becomes + 0.416 mJ/m?. Parkin’® measured
exchange coupling strength of various 3d, 4d, and 5d transition metals at room temperature and found a
variation of RKKY-type exchange coupling from 0.1 to 10.0 erg/cm?. Our estimated values remain well

within the range of Parkin’s measured values.

The experimental observations confirm the ultrafast switching of the Co/Pt layer within ~3 ps in an FM-
FEM exchange-coupled heterostructure and is an important step towards the practical realization of an
ultrafast memory. The theoretical analysis demonstrates that RKKY exchange alone can trigger such an

ultrafast switching without the need of any spin current.



Section 2: Ultrafast magnetization dynamics in an MTJ device

The first HI-AOS in an MTJ cell was reported in 2017 by Chen et al.®!, where the authors employed an
optically switchable Gdas(FesoCo10)74 layer as the free layer and a Co/Pd ML coupled to another Co layer
as the reference layer of the MTJ cell. They used 100-nm-thick Indium Tin Oxide (ITO) electrodes for the
top contact which offer better laser-pulse access and electrical detection compared to commonly used Ti/Au
electrodes. The authors fabricated a 12 um diameter MTJ device, schematically shown in Fig. 3a, with the
following stack configuration: Tas/Pdi1o/[C00.6/Pd15]X3/C00s/Mg0O1.8/GdFeCoz0/Tas. The electrical read-out
of the HI-AOS of the Gdas(FesCo010)74 free layer of the MTJ cell was performed by measuring TMR of the
memory cell, which is shown in Fig. 3b. A small TMR ratio (~0.6 %) was observed due to the low quality
of the MgO barrier and low spin polarization of the FEM. The signal-to-noise ratio (SNR) was low due to
the degraded interface qualities between the ITO and GdFeCo/Ta layers. They demonstrated the
repeatability of HI-AOS in GdFeCo Hall devices with measurements at a 1 MHz repetition rate. The
fundamental upper limit of the switching rate should be higher than tens of GHz, however, the actual
switching speed wasn’t measured. This experiment was a substantial step towards realizing a working opto-
spintronic device that directly converts ultrafast optical signals to non-volatile magnetic states. They
mentioned that larger TMR, improved SNR, a stable PMA with reduced device size, and smaller critical
fluence are required for large-scale integration and practical application. However, as we have discussed in
Section 1, GdFeCo alloys have the difficulty of maintaining PMA when patterned to less than a micron
diameter®®, hence it is not ideal for device applications. In 2020, Avilés-Félix et al.,> developed an optically
switchable CoFeB-[Th/Co]xn exchange-coupled heterostructure. First, they systematically studied the
magnetic and HI-AQOS properties of a [Th/Co]xs ML by continuously varying the thickness of Co and Th
in the range of 0.6 nm < t, < 1.6 nm and 0.7 nm < tc, < 1.4 nm after annealing at different temperature®®.
Several previous studies reported the degradation of anisotropy for such optically switchable films with
annealing temperature which hinders their technological application®®. Although it was recently reported
that HI-AQOS properties of Co/Gd ML became more energy efficient as a result of the enhanced domain-

wall velocity® at the Co/Gd interface due to annealing.
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Figure 3: (a) Schematic of the MTJ stack employing Gdas(FeqCo010)74 as the free layer and Co/Pd ML as the reference layer, (b) HI-AOS of the 12
mm MTJ cell measured via TMR electrical read-out. Reproduced with permission from Phys. Rev. Appl. 7, 021001 (2017)°. Copyright 2017 APS
Publishing.

Studying the dependence of the coercivity and PMA on the annealing temperature ranging from 200 to 300
C, Avilés-Félix et al.>® found that the coercivity of a [Th10/Co1.2]xs ML reduced sharply with increasing
annealing temperature and this reduction strongly depended on the ratio of tco/tm, (ratio of thicknesses of
Co and Tb). The weakening of the static magnetic properties was attributed to the enhancement of the
interfacial roughness originating from interdiffusion or structural relaxation. They studied HI-AOS
properties of the half-MTJ stack comprising seed layer/MgQO/CoFeB1 3/ Tag 2/[ Tb(tm)/Co(tco)] %5 (annealed
at 250 °C) with varying Co and Tb layer thicknesses using both ~60 fs and ~5 ps laser pulses. Single-shot
HI-AOS was observed for half-MTJ stacks when a relatively thicker Co is used in the [Co/Tb] ML as shown
in Fig. 4 a, b. They observed that either ~60 fs and ~5 ps pulses could switch CoFeB-[Thos/Co01.2]xs and
CoFeB-[Th10/Co1.3]xs, however, HI-AOS in CoFeB-[Th1/Co13]xs was observed with only 5 ps pulses.
As discussed in the supplementary information of Avilés-Félix et al.*, the critical fluence for HI-AOS of
the CoFeB-[Th1¢/Co13]%s half-MTJ decreased with increasing laser pulse-width. This was a surprising
observation as we generally observe an enhancement of the critical switching fluence for longer pulses in
FEM alloys®#. They integrated their optically switchable half-MTJ into an MTJ cell with the following
structure: Tap3/CoFeB11/MgO/CoFeB12/Tao2/[Th/Co]xn, where FeCoB11 served as the sensing layer.
They fabricated 0.94 nm-thick and 1.8 nm-thick MgO barriers for N = 15 and 5 repetitions of the [Tbh/Co]
bilayers and nano-patterned those with the dot diameter varying from 50 nm to 200 nm. TMR ratio of ~38
% and ~28 % TMR for N = 15 and 5 repetitions of the [Th/Co], respectively, were reported® as shown in
Fig. 4c. The detected TMR value is much larger than the ~0.6 % TMR observed by Chen et al.®, and it is

stable even after nano-structuring and annealing. Hence, the MTJ cells with optically switchable CoFeB-

10



[Tb/Co]xn free layers, seem to be a promising candidate for integration within hybrid opto-spintronic
devices. Experiments are ongoing to measure the HI-AOS properties of these nano-patterened MTJs as a

function of cell diameter and laser fluence.
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Figure 4: MOKE micrograph of the half-MTJ stack (CoFeB/Ta/[Th, o/Co13]%s) as observed with a (a) 5 ps and (b) 60 fs single-shot laser pulse and
(c) TMR ratio of the full MTJ stack for two different MgO barrier layer thickness and with varying device size from 50 nm to 200 nm and the
schematic of a half-MTJ and full MTJ stack employing CoFeB-[Th/Co]xy as the optically switchable layer and another CoFeB as the reference
layer is shown at the inset. Reproduced with permission from Sci. Rep. 10, 1 (2020)%. Copyright 2020 Nature Publishing.

The time-resolved magnetization dynamics of an exchange coupled FM-FEM heterostructure as a free layer
of a micron-sized MTJ cell was reported recently by Wang et al.%2, where they observed that the ultrafast
switching occurs in 10 ps for a 3 um MTJ dot diameter. The authors used DC and RF sputtering to fabricate
an opto-MTJ structure consisting of:
Substrate/Tas/Ruzo/Tag 7/[Co/Pt]e.sXmM/Ruo /[ CO/Pt]3.6Xn/Taos/CoFeB1.2/MgO/CoFeB1/Tag s/Co1/Gds/Pt..

Here, Ta/Ru/Ta served as the bottom electrode, [Co/Pt]Xmn MLs with the bottom CoFeB served as the
synthetic antiferromagnetic (SAF) reference layer (RL), and the optically switchable free layer consisted
of a top CoFeB layer exchange coupled with the Co/Gd ferrimagnetic bilayer. Using this stack, they
fabricated MTJ cells down to 3 um diameter and measured a TMR ratio of ~34% upon annealing their MTJ
cells at 300 °C. The magnetization of the free layer toggled between parallel (P) and antiparallel (AP) states
with respect to the magnetization of the RL due to HI-AOS, when the MTJ cells were exposed to a series
of single-shot ultrafast laser pulses. They explored the magnetization reversal dynamics of the free layer of
the micron-sized the MTJ cells using time-resolved MOKE measurements starting from each of the two

oppositely orientations of the free layer (shown in blue and black) of the MTJ. They demonstrated a zero
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crossing of the magnetization of the free layer at ~5 ps, until full saturation taking ~200 ps. The switching
was attributed to ultrafast heat-induced demagnetization of the antiferromagnetically coupled Co and Gd
layers, and the exchange scattering-mediated angular momentum transfer between them. They measured
the switching dynamics of the MTJ cell with its diameter varying from 3 to 10 um. The switching time in
this work was defined by the time needed to reach 75% of saturation of the opposite magnetization®'. The
observed switching time varied from 10 ps to 40 ps for device sizes varying from 3 um to an un-patterned
layer. The observed scaling of the switching time with the MTJ dot diameter is similar to our previously
reported switching in CoGd alloy dots and was explained by enhanced surface-mediated heat transfer in
smaller dots®, due to the increased electron-phonon coupling at smaller size®*. The switching was attributed
to ultrafast heat-induced demagnetization of the antiferromagnetically coupled Co and Gd layers, and the

exchange scattering-mediated angular momentum transfer between them.

These proof-of-concept studies provide the experimental demonstration of optically toggle-switchable MTJ
stacks and demonstrate ultrafast magnetization reversal of a micron-sized MTJ cell showing the ultrafast
magnetization reversal in tens of ps timescales. The switching time of the MTJ free layer is similar to
standalone FEM cells®. These measurements serve as an essential milestone towards the development of

large-scale opto-spintronic device integration.

Section 3: Spin-orbit torque induced deterministic ultrafast magnetization switching in a

ferromagnet

In 2017 we demonstrated the control of magnetization in GdFeCo at fast timescales by injecting a ~ps-
duration electrical current pulse in place of an ultrafast optical pulse®. Measured estimates revealed that
the switching energy needed for a ~9 ps electrical pulse to switch a 20 nm?® cell is ~4 f3%, which is much
smaller (comparable) than the energy required in conventional STT-MRAM (SOT-MRAM) and the
resulting dynamics is an order of magnitude faster®®. Using the techniques described in the previous
section, this electrical toggle switching of a FEM could be integrated with an MTJ for readout for fully
electrical on-chip ultrafast MRAM. It was estimated that a short electrical pulse with this energy could be
produced on chip using pure CMOS circuits®. This may indeed represent a promising approach for ultrafast
embedded MRAM fully integrated in CMOS (no ultrafast laser required!). However, toggle switching (or
HI-AOS) has the drawback that the final magnetic state depends on the previous magnetization state and
not simply on an externally controllable stimulus such as the direction of the ps current pulse. Current-

induced directional magnetization switching on the other hand has been developed for the last decade, using
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the STT and SOT effects down to ~50 ps current pulses*. Most of the conventional SOT and STT
experiments, however, were executed using sub-ns current sources which limits the switching speed of
those devices to sub-ns regime?®28:30318887 Garello et al.?®, measured SOT-induced switching with a ~200
ps current pulse. Recently, Cai et al.®’, demonstrated an ultrafast switching time of ~700 ps, which was
measured in a CoGd based SOT device using a ~400 ps current pulse in the presence of ~144 mT symmetry
breaking in-plane magnetic field. Sala et al.%, reported the time-resolved SOT-induced switching of
GdFeCo FEMs using sub-ns current (their smallest pulse width was ~300 ps) pulses. They found a widely
distributed switching time characterized by significant activation delays, which limit the total switching
speed of their devices. Krizakova et al.?"®, demonstrated sub-ns field-free SOT-induced switching in the

presence of an STT current and MTJ bias voltage using ~300 ps current pulses.

X H, Y ®H

Initial state Final Initial Final

(—
H, =-160 mT

d At> 4 ps: precession around H,
( ) (thermal anisotropy torque)

\\;
T,y *® Mcrosses

o, (+/) i plane

Figure 5: Schematic of the (a) Auston switch which generates ~ 6 ps electrical pulse when exposed to an amplified ultrafast laser pulse as shown
by the green line. It also depicts the non-local pump-probe measurement scheme. The optical image of the Auston switch and the magnetic load is
shown at the bottom. (b) The single-shot MOKE micrograph of the device for successive single-shot laser pulses for different in-plane magnetic
fields and ~ps current pulse directions, (c-d) the schematic of the SOT-induced ultrafast reversal mechanism at two different timescales after
ultrafast laser excitation. Reproduced with permission from Nat. Electron. 3, 680 (2020). Copyright 2020 Nature Publishing.

In our recent work®, we explore the extension of SOT switching to the ps regime using a ~6 ps electrical

pulse generated from an Auston switch to reverse the magnetization of a purely ferromagnetic micro-dot
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(5x5 um?) comprising a Tas/Pts/Co1/Cui/Tas/Pt; stack. The bottom Pt and top Ta layers are used with their
opposite spin-Hall angle to enhance the effective spin-orbit torque acting on the Co layer, and the 1 nm
thick Cu layer is used to reduce the Dzyaloshinskii—-Moriya (DMI) interaction® at the top Co interface and
preserve the PMA of Co. From quasi-DC electrical measurements in the Hall-bar geometry, we found that
the device switches from +M; (-M;) to -M,(+M;) with 100-microsecond current pulses with a density of
2x10'" A/m?) in the presence of an in-plane magnetic field Hyx of 160 mT when the current and field
directions are parallel (anti-parallel), in agreement with the SOT-induced switching direction expected for
the Pt/Co/Ta stack **%*. Here +M, (-M,) is the component of magnetization along its easy axis when a
positive (negative) bias field is applied.

We fabricate an Auston switch®, shown in Fig. 5a, using a LT-GaAs substrate which produces ~6 ps
electrical current pulses when excited with 60 fs laser pulses from a 5 kHz repetition rate amplified
Ti:sapphire laser. A suitable impedance-matched co-planar waveguide is designed so that the ~ps long
electrical pulse can be propagated and delivered to the magnetic load without much distortion. The MOKE
micrograph of the device before and after the application of a single electrical pulse is shown in Fig. 5b at
a particular in-plane magnetic field for different current directions. It is clear from Fig. 5b that the final
magnetization state of the device depends solely on the relative direction of the current pulse (shown in Fig.
5b by the direction of the bias voltage at the Auston switch, for positive bias, current flows along the +x
axis) and the in-plane magnetic field (shown in Fig. 5b with the blue arrow). The final magnetization
contrast is black (magnetization pointing up from the surface) when the current and in-plane field is opposite
and the final magnetization direction is white (magnetization pointing into the surface, highlighted by a red
square in Fig. 5b) when the current and in-plane field is parallel. These data confirm that the final
magnetization state can be controlled by the external current pulse direction. This is in contrast with our
previous observation® of toggle-switching of GdFeCo (similar to HI-AOS when exposed to similar ~ps
charge current pulses). We calculate the upper bound for the switching energy to be ~50 pJ (for a ~6 ps

electrical pulse with peak instantaneous current density ~6x10'2 A/m?) which is in contrast to previous’*%*

22,27,88

%7 as well as some recent experiments where it has been argued that the critical current density (Jc)

increases significantly for current pulses-width in sub-ns regime according to j.oo 1/Tp’ where T is the
current pulse-width. Krizakova et al.?” have studied the reduced magnetic anisotropy (as an immediate
effect of Joule heating) as a function of the applied bias voltage across the MTJ and found that the effect of
Joule heating increases with increasing device diameter. The elevated electron temperature due to ultrafast
heating may reduce the required critical switching energy significantly when compared to the conventional

spin-torque induced switching in relatively longer timescales.
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In the time-resolved magnetization dynamics (not shown here), measured at low-fluence (below the
switching threshold), we find ultrafast spin-torque induced coherent oscillations. The sign of the observed
oscillations is determined by the direction of the symmetry-breaking field and the injected spin polarization.
An in-plane field along the direction parallel (antiparallel) with the injected current causes the moment to
precess towards (away from) the initial magnetization direction, causing AM; to decrease (increase) on a
10 ps time- scale. This occurs regardless of the initial up (+M;) or down (-M,) state, as is expected for our
SOT stack. We introduce a LLG micromagnetic macro-spin simulation incorporating SOT terms to explain
the switching dynamics of the system in the presence of the in-plane field which is schematically shown in
Fig. 5¢-d. According to the model, when the in-plane magnetic field and ps currents are parallel (along +x
direction as shown in Fig. 5c), the magnetization is initially at an equilibrium position along the effective
magnetic field (Hesr), which is a combination of anisotropy field (along the +z axis) and in-plane field (along
the +x axis). Now as soon as the current pulse arrives (along the +x axis), a damping-like torque brings the
magnetization towards the -y axis and the effective anisotropy reduces due to ultrafast demagnetization. As
a result, the direction of Hesr changes (as shown in Fig. 5d), the total anisotropy torque reduces, and the
magnetization starts to rotate around the effective magnetic field and ultimately settles down along the
switched magnetization direction along -z axis. Although the LLG model does not match the finer details
of the early oscillation (between 3 to 25 ps,), particularly in the Hx=0 case, a switching (crossing M; = 0)
as fast as 16 ps is predicted, with ~80% recovery of magnetization expected to be completed in ~50 ps. The

discrepancy between the model and the data can possibly be explained by inhomogeneous broadening.

The demonstration of deterministic switching of the out-of-plane magnetized cobalt film by a ~6 ps
electrical pulse via SOT opens up an exciting pathway for ultrafast magnetization switching. Although we
use a fs pulse laser triggering an Auston switch in our experiments for convenience, standard nanoscale
CMOS transistors have been known to switch on the single ps timescale since the 45 nm technology
generation® was introduced in 2007, and CMOS switching times are reduced in every subsequent
generation. This means that simple CMOS circuits can be used to generate ps duration electrical current
pulses capable of triggering ultrafast magnetization switching devices on a chip. Estimates of the minimum
current needed to switch a nanoscale magnetic device are well within the range that could be produced
using nanoscale CMOS transistors*®®, thus enabling a highly scalable ultrafast non-volatile magnetic
memory bit cell. The observed switching dynamics are found to be mostly governed by damping-like SOT
torque acting on demagnetized moments on the ultrafast time scale. The macrospin LLG simulation
qualitatively agrees with the experimentally observed magnetization dynamics. Such ps current pulse
induced experiments could also be useful in studying inertial dynamics in FMs**% and the resonant

104

dynamics in antiferromagnets™* which appear in the THz frequency range.
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SUMMARY AND OUTLOOK

In this perspective, we have discussed recent studies on ultrafast optical switching and ps charge-current
induced SOT switching of FMs, which we believe to be a promising route to realize energy-efficient

ultrafast spintronic devices. The RKKY exchange-coupled heterostructure®*

ensures zero-crossing of a
conventional FM in ~3 ps timescale® and thereby stands as a strong candidate to be integrated into MTJ
cells for ps memory applications. We have modified the existing M3TM model to explain the observed
ultrafast switching in such complex structures. A working opto-MTJ cell with relatively high TMR
employing an optically switchable FM-FEM heterostructure as the free layer of an MTJ has now been
demonstrated®® with time-resolved magnetization reversal in ~10 ps (for 3 um diameter memory cell). We
have also demonstrated electrically induced toggle switching®®, and SOT-induced magnetization reversal
in a conventional FM using ~6 ps pure charge-current pulses®. This approach provides a dramatic
expansion of the domain of ultrafast magnetism beyond optically triggered switching to the purely electrical

domain.

Three different ultrafast devices have been proposed, namely, the ~ps electrical SOT switching-based
MRAM devices, ~ps electrical FEM based MRAM devices, and the HI-AOS based opto-spintronic MTJ
devices. They each show a promising future to become an alternative technology in the beyond-CMOS
era,>>®1213 in different applications. They show advantages such as fast switching speed (tens of ps), non-
volatility, energy efficiency, and reliable endurance which find applications in logic and memory
devices'®?, stochastic computing®, ultrafast data transfer etc'>%. The ps-MRAM devices are likely to be
designed as SOT-MRAM structures while the HI-AOS based opto-spintronic MTJ devices could be used
as a toggle optical STT-MRAM structure with much faster switching dynamics. We have already discussed
the challenges associated with SOT and STT-based MRAM briefly in the introduction. One of the concerns
common to virtually all SOT-MRAM implementations is the requirement of the in-plane symmetry-
breaking magnetic field which poses serious challenges in terms of device integration. Different
mechanisms like structural asymmetry, in-built in-plane field, strain-induced effects, additional MTJ bias
voltage, and STT current are being studied as an alternative to an external in-plane magnetic
fielg?786:8996.105-110 ‘Materials with much higher SOT efficiency have already been studied however, they
are not yet easily integrable in a device>®" ™, It remains a topic of future research to determine which of

these are adaptable to ps SOT.
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The ultrafast toggle-switchable HI-AOS phenomenon is already being explored and integrated into MTJ
cells which offers enhanced energy efficiency and much faster switching compared to conventional MRAM
devices®. We strongly believe that the demonstration of HI-AOS in a variety of magnetic samples 434651658
will ultimately lead to ultrafast electrical current pulse induced toggle-switching as recently reported from
our group®. The ~ps electrical current pulse can be generated from commercially available transistors® and
can be incorporated with the current fabrication technology. Despite the developments in the fields of
nanoscale direct integration of optical lasers using photonic crystals and waveguides****?, HI-AOS in the
embedded memory architecture is still at its infancy. There are some works on the optical SRAM using
photonic crystal nanocavity lasers*3''* with a footprint of ~10 pm?. Such ideas can be bundled with MRAM
technology for an opto-MRAM device as discussed in a recent review article?. Scientists are currently
working on the integration of the photonic and magnetic techniques which requires efficient optical
coupling from the photonic to the electronic chip to deliver high optical intensities required to switch the
magnetic state of the memory element*2, Kimel et al.*> proposed an interesting idea about switching
individual memory cells optically with the assistance of electrical heating by combining fabricated optical
waveguides and transistor selectors. An issue with toggle-switching is the requirement of prior knowledge
of the magnetization state to switch it to a particular direction. The use of circularly polarized optical pulses
was previously adapted'*>*® to achieve directional switching of the magnets, however it requires multiple
single-shot laser pulses which increases the energy consumption and the switching time gets slower.
Recently, van Hees et al.>® demonstrated an interesting approach to deterministically switch the
magnetization of a Co/Gd bilayer using two simultaneous ultrafast laser pulses with slightly different pulse
energies. Another possible way to use such ultrafast electrical toggle switching in memory devices is to
employ read before write technique®, which was used in the early days of oersted field induced MRAM
devices. So far, we have only discussed about the write current amplitudes and the writing speed, however
for a working device, reading speed and reading error rate are equally important, which depend on the TMR
ratio of the device''’. Current studies report a TMR of the order of 20-40% in SOT-MRAM devices***? and
we believe an optimization of materials and integration process is needed to further enhance the TMR.
Increasing the read current amplitude, on one hand, decreases the read sensing error and decreases the read
access time, but on the other hand, increases the read disturbance error. Currently, read times are in general
engineered to be a few ns for a reasonable read current amplitude***#1%, With the abundance of spintronics-
based research around the world focusing on both fundamental understanding and technological
developments, we may expect to overcome the hurdles and possibly implement a high-speed spintronics

technology to address the ever-increasing technological and computation needs.
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