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Progressowardspicoseconan-chip magnetic memory

Abstract
We offer a perspective dhe prospect®of ultrafast spintronics and optoagnetisimas a pathway to high
performance energyefficient, nonvolatile embedded memoiy digital integrated circuit applications
Althoughconventional spintronic devices, suchspfittransfertorquebased MRAMs $TT-MRAM), are
now commercially demonstratatieyare limited inwrite speedo the nanosecontimescalelmprovement
in thewrite speed of spintronic devicean significantly increase their usefulneswiable alternativesr
complements to existing CMGi&sed devicewith intrinsic switching speeds on picosecond timescales
In this article, we discuss recent studies which advance the field of ultrafdstronics and opto
magnetismAn optimized ferromagnderrimagnet(FM-FEM) exchangecoupled magnetic stackvhich
canserveas the free layer of a magnetic tunnel junction (M&dp be opticallywitcha in as little as-3
ps. Integration of ultrafast magnetic switchingo an MTJ device has enabled electrical readout of the
switched stataising tunneling magnetoresistance (TMK}h a high resistance rati®urely electronic
ultrafast spirorbit torque (SOT) induced switching of a ferromagm&$ been demonstratading ~6ps
pure chargeurrent pulsesVe conclude our perspective biscussing some of the challenges that remain
to be addressed to advance ultrafast spintronics technologies toward practical implementation in high

performance digital information processingtsyss.



Introduction

With the advent of massive dataensive artificial intelligence algorithms, @hip memory is becoming
increasingly important in modern computing systedmwever, in the conventional silicon CM@fased
randomaccess memory (RAMJevices (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 with reduced feature siz€ The field of spintronicsis emergingas a promising alternative
technologythat utilizes the spin degrees of freedom of the electron instegquaisbits charge for data
manipulation. The nonvolatility of magnetic bits in spintronic devices results in low static energy
disgpation and enables efficient firgrained processor power management approaches, leading to
improved overall system energy efficiency. Additionally, they have other desirable properties such as high
endurance and relative ease of integration with exiSimgocesses.

The stateof-the-art among conventional spintronic devices igtlagneteresistiverandomaccess memory
(MRAM). The building block on MRAM deviceis a magnetic tunnel junction (MTJ) which consists of
two ferromagnetic layerseparated by a thin oxide tunnel barrier laggme of the ferromagnetic layers
constitutes fixed referencand itsmagnetization remains unchanged over the operation of the d€kize
second ferromagnetlayeris called the¥reelayer” and itsmagnetization can be flipped to store either a 0

or a 1 of binary informatianThe reading of thenagnetization 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 tharicbeferencdayers. With
increasing TMR ratio between the two resistance states, the reading operation can be performed with higher
accuracy and with smaller and faster reading cutrent

First versions oMRAM usedin-plane magnetized thin filmand were written viahe Oerstedfields
generated by the currentirculating through the addressimdres®. Newer versions exploithe faster

more energefficient, and scalable spitransfer torque (STT) and spirorbit torques (SOT) in orderto
controlthe magnetization afut-of-planemagnetizednateriald>*%4, Schematicrepresentationef STT
andSOT pulseinducedswitching mechanissin a MTJ frameworlareshown in Fig. 1d. STT arises due

to the transfer of spin angular momentum between two adjacerntatiorear magnetizedayers+2 In
STT-MRAM devices (as schematically shownFig.1a), darge writecharge current is passadrosshe
thickness oftte MTJcell. It leads to dlow of spincurrent and th&ander of angular momentum from the
reference (or pinneddyerto the freemagnetic layewhich ultimatelyrevergsthe magnetization direction

of the free layerTheswitching timeof STT-MRAM devicesranges from afew ns to tens of ns depending
onthewrite currentdensityand pulse width. Reliable-2 ns switching of STAMRAM deviceshavebeen

demonstrated with less tha@® write error rate (WER$* showing bright prospects for its udeQast



level " onchip memorycache$ ¢ Industrial partners have already demonstrated several standalone and
embedded working STMRAM devices’2°, However STT devicegequire thaia relatively highwrite
currentdensitymust be passed through the oxtdanelbarrier which after many cycles, degrades the
oxide quality and ultimatellymits the endurance of the device. Another drawback of the STT device is the
incubation delay resulting inaide distribution of switching timg&2%2*even in a single junction

An alternative to STIMRAM is to use the&sOT mechanisnSOT originates either i) at the interface of the
magnetic and the nemagnetic metal due to the interaction of spibit coupling magnetic exchangeand
symmetry breaking at the interfaadich can be interpreted withe RashbaEdelstein effedt2224 or ii)

due to the flow of spin currents from the rmrgnetic metal to the magnetic layer which can be explained
by spinHall effect®#”. In SOT-MRAM devices, a charge current is passed througeay metal (typically
Ta, Pt or W) wire (as schematically shown in Fig.1byhich leads to a transverse spin curreatjsinga
spin accumulation at the surfaces and interfaces of the heavy met@ssehematically shown in Fig.1b)
The accumulatedpins can then exert a torg(ealled the spirorbit torqug on the spins inan adjacent
magnetic film, for examplethe free layer of aMTJ. SOT-MRAM devices are faster (stis to few nsf*

32 andcan beenergyefficient?”*3than STFTMRAM devices,and offerincreasecendurance as the write
current only neeslto pass through the heavy metal layamd not through the tunnel barrier layer in the
MTJ. SOT-MRAM has found applications as L1/L2 SRAM cache replacethealthough being a three
terminal device, the density of MRAMay belower compared to ST'MRAM or conventional SRAM
and DRAMs.STT-MRAM and SOTMRAM deviceshave the potential to be used insteaccohventional
SRAM and DRAM deviceslue to theimdvantags of low switching energyfaster speechonvolatility,

and nanoscale integratioh®. The typical writing energy densitiéser unit areapf STT and SOIMRAM
devices are-40 aJ/nrhand ~1 aJ/nArespectivel§. A significantdisadvantage of these spintronic devices
compared to CMOS devices is the write spé@iromagnetic materials thermal equilibrium are limited

in switching speed by their precessional dynamics, which is typically in the GHz frequend}¥anijee
fastest reported STand SOTdevice required ~5picosecond (p9* (for in-plane magnetized sample) and
~200 ps*’ current pulsesespectivelylt is highly desirable tancreasehe magnetization switching speed
significantlyso that the spintronic devices can be more competitive with GhH38d devices

To improve the switching speed of magnets in spintronic devices we turn to the field of ultrafasismagne
(or femtomagnetism), which was discovered 896 by Bigot and Beaurepaifewith the observation of
subpsmagnetization quenchiraf a ferromagnetic Nhin film upon irradiation withultrafast lasepulses.
Their workfirst demonstratethatfemtosecondf§) laserpulsescould be used instead externalmagnetic
fields to manipulate the magnetization state of a materil ultrafast fashionUltrafast manipulation of
magnetization using femtosecond optical puised particularinterestas the magnetization dynamiase

much faster tharconventional precessional dynamicBhe most exciting phenomenon in ultrafast



magnetism is arguably theltnafast helicity independent adiptical switching (FHHAOS)*#2 of
magnetization, wherein a magnetic film reverses its magnetization (and not just demagnetizes) within a
coupleof ps by a single ultrashort (~100 fs) laser putsdiation Ultrafast HFAOS does not require an

external magnetic stimulus, is independent of the polarity (helicity) of thegalkerandis understood to

be arising from the ultrafast naguilibrium heatingf the magnet by the laser pufs®. This phenomenon

was reportedfirst in GdFeCoalloy*® in 2011andthenmainly in other Gdbased alloys andhultilayers
(MLs)*+4652with afew interestingexceptions suchs MnRuGaalloy®®*and Co/Tb ME4%8. In all of these

cases, the magnetic materiafesrimagnetic, rather thaierromagnetic. Another surprising femé of HF
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Figure 1:Theschematic of &asicMTJ cellemploying(a) STT, (b) SOT mechanismand(b) femtosecond pulse excitation

Instead of using a conventional ferromagnet as the free layer of the MTJ building block, researchers have
studied a togglswitchable ferrimagnet exhibiting FAOS as the free layer. The free layer in such an-opto
spintronic device is switched optically darthen the TMR across the MTJ is measured to read the
corresponding magnetization sf4f&57:5¢ However, the TMR ratio ofraMTJ device tends to be small

when only derrimagnet is used as the free |&ydue to its low spifpolarization. Unfortunately, according

to the current understanding of the 4Al0OS mechanism, a conventional ferromagnetic free layer (with
larger TMR) cannot be switched optically. However, recent exygeris have shown that a ferromagnetic

free layewnhich is exchangeoupled®®with an optically switchable ferrimagnet, can be utilizedstvitch

thefree layer i.e. the ferromagndét ferromagnet layer can also be switciwillaserinduced spircurrent
generated from the ultrafast demagnetization of an optically switchable ferrifti&gngtich switching

magnetic bilayers can then be utilized to enhance the TMR in an MTJ device.



In Sectionl of this perspectivave review our recent experimental observations of magnetization reversal
dynamicsof a ferromagnetidCo/Pt ML coupled to derromagnetidCo,0Gdso alloy which can be used as

the free layer of an optelTJ stack. We explain the ultrafast-ADS of the Co/Pt using an extended
microscopic three temperature model (M3PM§476485and show that an indire®udermankKittel +
Kasuyatyosida(RKKY) exchange interaction between the Co/Pt and C&%dan explain the switching

of theferromagnetn ultrafast timescaldn Section2, we review studies of optical switching of a complete
opto-MTJ cell, the free layer of which comprises a consisting of a read and write junction (optically
switchable ferrimagnet coupled with a ferromeat) separated by a thin oxide barrier layer. In one of those
studies, the authors investigated the ultrafast-tieselved magnetization reversal dynamics of an MTJ,
which is a substantial stride towards building a functional -MfRAM device. In the lastsection we

discuss one of our recent studies where we observe ultrafast SOT induced magnetization reversal in a Co
thin film using ~6 ps electrical pulse from an ultrafast phBtR Q G X FW L Q J 3 $Xivtnep@sanael W FK*
of a symmetrybreaking inplane magnetic fiel Time-resolved measurements in the low (subtching)

fluence domain confirm the effect of dampiliige torque and fieldike torque for different implane
magnetic field and ultrafast current directions. We discuss the switching mechanism using a temperature
dependent Landaliftsitz-Gilbert (LLG) macrespin model. Finally, we conclude this reviewy
addressing some challegpf designing advanced spintronic devices basati@combirationof HI-AOS

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

Section 1: Ultrafastall-optical magnetization switching of a ferromagnein a coupled

ferromagnet-ferrimagnet heterostructure

As mentioned previously,ne ideafor building an opto-spintronicdevice is to use an opticalbwitchable
ferrimagnets thdreelayer ofan MTJ andelectrically read the magnetization styemeasuring theMR.
The TMR of an MTJ is much higher with a conventiofeafromagnetayer on both sides of the oxide
barrierdue to their high spipolarizatiort**5%°7% and the enhanced TMiRprovesthereading speed and
read distribution ratef an MTJ™. We previously investigated the magnetization dynamicsGif/®tlayer
exchangecoupledvia RKKY interactionwith a GdFeCaalloy to use itasafreelayer ofan MTJ cellf®. The
nature of the RKKY exchange couplimgstuned by simply changing the thicknessaoghetallic spacer
layer (Pt in our casd)etween théwo magnetic layersVe showedthat the Co/Pt layeicoupled either
ferromagnetically or arfierromagnetically with the GdFeCalloy, can be switched in ~7 pspon
irradiation by a short laser puleHowever, we separately have obsertieat aGdFeCo filmdoes not

maintain perpendicular magnetic anisotropy (PMA) beltateral dimensions ot Hn, whereasCoGd



retains its PMA even for ~200 nm dot $fz&caling these magnetic bits to sl®0 nm lateral dimensions

with PMA is critical for achieving high device density.
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Figure 2: (ac) Depth sensitive singlshot MOKE micrographof the (a) ferromagnetically(b) anti-ferromagneticallyand(c) decoupled=M-
FEM stack.(d-e) Depthsensitive time resolved magnetization dynamics of Co/PCar@tfor decoupledd) andferromagnetically coupletk)
stacls. (f-h) The simulated magnetization dynamics of Co, &ull Co/Pt sublatticeimulatedfor ferromagnetically, anfierromagnetically and
decoupled~-M-FEM stack and the timevolution of corresponding electron and lattice temperatsireg the extended M3TM modahd the
correspondingvolution of electron anghonon temperatures are shown by light yellow and cyan filled regions, respectively, and the Curie

temperatures of Co and Co/Pt are shown by the dottedd@taken froni®. Reprintedwith permissiorfrom the authors

Hence,we alsostudied theHI-AOS dynamics of a&Co/Ptlayerwhen exchange coupled @p;0Gdso alloy
RKKY type interactiéh  The the
Substrate/TgPt/[Coo.5/Ph .25 x3s/ Con s/ Pt/ CoGd o/ Pz, where the thicknesses of the layers inama given

as subscriptand the Pt spacer layer has variable thickifss different samples. The RKKY coupling

via exchange complete structure s following:

was tuned from ferromagnetid:(L, 1.5 and 2 nm) to arférromagneticd: 2.5 and 3 nm) to decoupledt (
3.5 and 4 nm) by changing the Pt spacer layer thicKdgf®m 1 to 4 nmWe found the exchange bias of
the antiferromagnetatly coupled stacks to b#160 Oe and 100 Oe respectively for 2.5 and 3 niloyPt
performing minor hysteresis loops of Cd&depthresolved singleshot HFAOS MOKE micrographs,

obtained using the layaensitiveMOKE measurement techniqiié>’3 are shown in Fig. 2afor different



Pt layer thicknesss Using this techique, we can distinguish the magnetization of the CoGd and Co/Pt
layers separately by carefully tuning the angle ﬁ/gplate in the light pathFor ferromagnetically and

ant-ferromagnetically coupled stacks, as shown in Figh,2dne magnetizations doth the CoGd layer

and Co/Pt layefrespectively represented by pink and blue arrayes)switched wittsuccessive single
shotlaserpulsesas observed from the change in magnetic contvhste the pulse energy is higher than

the switching thresholdHowever, when the layers are decoupled, as shown in Fig. 2c, only the CoGd
demonstrates toggle switching but CoPt stays demagnetized as evident fredutteal magnetic contrast

and the magnetization direction is shown with the unidirectional blue axdwwocal spircurrent coming

from the demagnetization tfie Gd sublattice has been argued to be the reasdahdartrafasswitching

of Co/Pt inmagnetic heterostructures where the ferromagnet (Co/Pt) is separated from the optically
switchable ferrimagret® %3 with thick Culayer(~10 nm) The thick Cu layer deniemny magneticoupling
between the two layerth our structure, the Pt spacer is 3 nm thick for the antiferromagnetically coupled
stack andmore importantly, thenagnetization ofCo/PtML switches for both parallel and aipiarallel
alignment withCoGd, which proves that switching of CoNt is mediated by RKKY exchange coupling
ruling out the role ofnonlocal spin currenin the switchingof the Co/Pt ML Layerresolved singleshot
switching experiments demonstrate thgamics of theswitching phenomenon i@oGdand Co/Pt MLs

as showrin Fig. 2de. In the decoupled stagkig. 2d) CoGdswitches(crosses zerdh ~1.5 psand the

Co/Pt gets demagnetized close to ~90 % before showing a slow remagnetiaatiods its initial
magnetization directiari-or the ferromagnetically coupled stdEig. 2e) CoGdreverses its magnetization

after ~1.5 psThe Co/PtML exhibitsa two-steplike switchingi.e. an almost complete demagnetization in
~450 fs(due to ultrafast optical excitation/heatiragd magnetization reversal~3 ps(because of angular
momentum exchange with the already reversed Cd&ath a twestep processtrongly suppogthat the

RKKY exchange interaction is responsible for the reversal of already softened (hot) Co/Pt magnetization.
This is the fastest reported switching dearomagnetrrespective of the stimuli (STT, SQ@r AOS) to

the best of our kowledge.

We model the observed RKKY exchange coupling mediated ultrafast AOS by extending the M3TM
proposed byBeenset al*3%%74 We considefi) an intersublattice exchange scattering between Co and Gd,
(i) a longrange RKKY exchangéetweenthe Co and Gdsublattices ofCoGdand Co/Pt and (iii) the
Elliot-Yafet type spinflip scattering for theaCoGdand Co/Psubsysters Our simulatios 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, antiferroretigally couplegdand decoupled stacks, which

are shown in Fig 2h. On the other hand, a clear difference is observed for the magnetization dynamics of
Co/Pt between decoupled and coupled samples.electron temperature of Co/Pt increaseyond its

Curie temperaturéor asufficienty highabsorbed laser fluence. As a result, Co/Ptsstaynagnetized until



it coolsdown ands acted on byhe RKKY exchange from the already switci@alGd leading tahe two

step switching. We obsezvthat the switchingime of Co/Pt stronglyreduceswith increasingRKKY
exchangsstrengthfor a fixed lasefluence. It has been shown that Ca@tnotbe switched for a decoupled
stack where there is no angular momentum transfer channel between the two subsyst®oismng
coupling whereasfor the magnetically coupled statkeCo/Pt can be switchad ~4 ps even if the RKKY
exchange scattering strength is only ~5% of the direct exchange oh€sRown in Fig2f-h. Therange

of RKKY couplingused in the simulatiois ,z44d- GrawU,,agl Gx&wHsr’®7J.If we assume

a typical lattice constant @A (a), the coupling strengid/&) becomesG r & s xJ/nt. S. S. P. Parkifi
measured exchange coupling strength of various 3ayrb5d transition metals at room temperaané
found a variation of RKKYtype exchange couplinfigpom 0.1 to 10 erg/cfn Our estimated valugemain
ZHOO ZLWKLQ WKH UDQJH RI 3DUNLQTY PHDVXUHG YDOXHYV
The experimental observationenfirm the ultrafastswitchingof the Co/Pt layewithin ~3 psin an FM-
FEM exchangecoupledheterostructurandis an important step towards the practical realization of an
ultrafast memoryThe theoretical analysis demonstrates that RKKY exchange alone can trigger such an

ultrafast switching without the need of any spin current.
Section2: Ultrafast magnetization dynamics inan MTJ device

After the firstobsenation of HI-AOSin GdFeCoin 2011°4 such ultrafast switchingas beerstudied in

a plethora of magnetic systesisch a<CoGd GdTbCo,Co/Th,Gd/Co,andMn,RuG&*345:4850.53£6.76 The
first HI-AOSin an MTJ cellwasreported in 2017 bghenet al®’, wherethe authoremployed an optically
switchableGds(FenCoi0)74 layer as thdree layer and a Co/Pd Mkoupled to another Co layes the
reference layer ahe MTJ cell. They used 10@m-thick Indium Tin Oxide (ITO) electrodes for the top
contact which offe better lasepulse access and electrical detection compared to commonly used Ti/Au
electrodesThe authors fabricateall2 Fn diameter MTJ device, schematically shown in Big.with the
following stackconfiguration Tas/Pd1o/(C0o.¢/Ph 5)xs/ Coo.dMgO:1 o GdFeCay/Tas, and MgO is the oxide
barrier layer.The electrical reagdut of the HFAOS of Gds(FexCoi0)74 free layer of the MTJ cell was
performedby measuring TMR of the memory cell, which is shown in BigA smallTMR ratio (~0.6 %)
was observedlue tothelow quality of the MgO barrieand low spin polarization of thierrimagnet The
signalto-noise ratio (SNR)was low due to thedegraded interface qualities betwetre ITO and
Ta/GdFeCo layersThey demonstratedthe repeatability of AOS in GdFeCo Hall devicesth
measurements @1 MHz repetition rateThe fundamental upper limit of the switching rate should be
higher than tens of GHhowever the actual switching speed D V @&adluredThis experimentwas a

substantiaktep towards realizing a working ogpintronic devicehatdirectly converts ultrafast optical



signals to nosvolatile magneticstates.They mentioned that larger TMRnproved SNRa stable PMA
with reduced device sizand smaller critical fluencarerequiredfor largescale integration and practical
application However, @ we have discusséu Section 1 GdFeCo alloys have tlaffficulty of maintaining
PMA whenpatternedo less than a micradiametet®, hence it is not ideal for device applicagom 2020,
Avilés-Félix et al,>® developedn optically switchable CoFeBrb/Co]n exchangecouplecheterostructure.
First, they systematically studied timagnetic and HAOS propertie®f a[Tb/Cq]s layers by continuously
varying the thickness of Co and Tb in the range of 0.6 nfa< 1.6 nm and 0.7 nm <4< 1.4 nmafter
annealing at different temperatefteSeveralpreviousstudies reported the degradation of anisotropy for
such optically switchable films with annealing temperature which hindkesr technological

applicatiori”:"8

(a)

(Gd,Fe)Co 20

Co 0.8
(Co 0.6/Pd 1.5),
Pd 10

TMR Ratio (%)

)

Si/Si0: Substrate

Figure3: (a) Schematicof the MTJ stack employing GFe0Coig)74 as the free layer and Co/Pd ML as the reference ldyarl{AOS of the
12 mm MTJ celimeasured vidMR electrical reaebut asreproduced with the permission from Cletral.?” copyright 2A7 AIP Publishing

However, in a recent study, it was reported Hittough the anisotropy of a Co/Gd bilayer reduced with
increasing annealing temperature;ADS properties became more energy efficiamd the domaiuvall
velocity increasef due to enhanced intermixing at the Co/Gd interf&tadying the dependence of the
coercivity and PMA on the annealing temperature ranging from 200 t€ 38dlés-Félix et al>® found
that thecoercivity of a[Th:1.o/Coi4s ML reducel sharply with increasing annealing temperature and this
reduction strongly depeerdon the ratio of dJ/t, (ratio of thicknesssof Co and Tb). Thevealening of

the static magnetic propertiegs attributedo the enhancement of the interfacial roughregginating
from interdiffusion or structural relaxatiomhey studied HAQOS propertiesof the hal-MTJ stack
comprising Seed layer/MgObFeB 3 Tao J[Th(tr,)/Co(tco)]s (annealed at 28) with varying Co and Tb
layer thicknesssusing both ~60 fs and ~5 ps laser pul§ésgleshot HFAOS was observed for haiTJ
stacls with relatively thicker Co than the Tb layer as shown in Fig.B! They observed thatther~60 fs



and~5 ps pulsecouldswitch CoFeB[Tho ¢ Cor 3)s andCoFeB[Tb1.¢Coi 45, however, HHAOSin CoFeB
[Tb1.4/Cou 3]s wasobserved wittonly 5 ps pulse They integrated their optically switchable RRITTJ into

an MTJ cell with the following structureTays/CoFeR /MgO/CareB1 J/Tay /[ Th/Col, where FeCoBy
served as the sensing lay€hey fabricatedd.94 nmthick and 18 nm-thick MgO barriers for N = 15 and
5 repetitions of the [Th/Co] bilayeend nanepatternedhosewith the dot diameter varying from 50 nm to
200 nm In the supplementary informatiof Félix et al®, the critical fluence of HFAOS of the
[Th1d/Coigs ML in the MTJ celldecreasedvith increasing laser pulsgidth. This was a suprising
observation as we generatipservean enhancementf the critical switchingfluence for longer pulses in
FEM alloys®8% A TMR ratio of 38 % and~28 % TMR for N = 15 and5 repetitions of the [Th/Co]
respectivelywas reportetf as shown in Figdc. The detected TMR value is much larger than the ~0.6 %
TMR observed by Cheet al®’, and it is stable even after nastucturing and annealing. Hence, the MTJ
cells with optically switchable CoFeBb/Co]v free layers, seem to b& promising candidate for
integration within hybridopto-spintronic devices Experiments are ongoing to measthne HI-AOS
properties of these nafpillar MTJs as a function of dot diameter and laser fluence

Figure4: MOKE micrographof the halfMTJ stack(CoFeB/Ta/[ThJ/Co, 4s) as observed with @) 5 psand (b) 60 fsingleshot laser pulsand
(c) TMR ratio of the full MTJ stack for two different MgO barrier layer thickness and with varying device size from 50 rimto&td the
schematic of a halMTJ and full MTJ staclemployingCoFeB[Tb/Coly as the optically switchable layer aadotherCoFeBas the reference

layeris shown at the inseReproduced with permission froRélix et al,* copyright 2020Nature Publishing.

The timeresolved magnetiion dynamics ainexchange coupled H¥EM heterostructure as a free layer
of a micronsized MTJ cell was reported recently Wanget al>8, where theyobserved for the first time
that the ultrafast switching occurs in 10 ps for &3 MTJ dot diameter. The authors used DC and RF
sputtering to fabricate an opteMTJ structure consisting of
Substrate/T#R W0/ Tao 7/[Co/Pth.sm/Ruo o/ [CO/Pth 61/ Tao.d CoFeB /MgO/CoFeRB/Tap J/ Col/ Gh/Pt.

Here, Ta/Ru/Teserved ashe bottom electrode, [Co/Ri] MLs with the bottom CoFeBervedasthe

10



synthetic antiferromagnetic (SAFg¢ference layerRL), andthe optically switchable free layaronsisted
of atop CoFeB layeexchange coupled with theo/Gdferrimagneticbilayer. They structured their MTJ
down to 3 Bn dot sizeandmeasured a TMR ratio of ~34% upon annealing their MTJ ae8680° C. The
magnetization of th&reelayer togglel between parallel (P) and antiparallel (AP) states with respect to the
magnetization of the RHue toHI-AOS, when the patterned cells were exposed to a series of sshgie
ultrafast laser pulse¥hey explored the magnetization reversal dynamics dféledayer of the MTJ stacks
using timeresolved MOKE measurements starting freach of thewo oppositely orierdtions of theree
layer (shown in blue and black) of the MTJ. They demonstrated a zero crokgiegnagnetizatioof the
free layerat~5 ps, with complete switching taking ~200 Ppke switchingvasattributedto ultrafast heat
induced demagnetization of the antiferromagnetically coupled Co anthy®ds and the exchange
scatteringmediatedangular momentum transfer betweemih&heymeasured thewitching dynamics of
the MTJ cell with its diameter varying from 3 to 1®n. The switching timen this work wasdefined by
the ime needed to reach 7566 saturatiorof the opposite magnetizatitinThe observedswitching time
varied from 10 ps to 40 ps for device s&arying from 3 Hn to an unpatterned layeirheobservedcaling
of the switching time with the MTJ dot diametsisimilar toour previouslyreportedswitchingin CoGd
alloy dots and was explained byenhancedsurfacemediated heat transfém smaller dot¥, due to the
increased electrephonon couplingit smaller siZé.

Theseproof-of-concept stuigsprovide the experimentdenonstration of optically togglswitchable MTJ
stacksand demonstrateghe time-resolved switchinglynamicsof a micron-sizedMTJ cell showing the
ultrafast magnetization reversal in tens of ps timescales switching timef the MTJ free layer is similar
to standaloné&-EM dots’®. These measuremergsrve agn essential milestone towards the development of

largescale optespintronic arrays.

Section3: Spin-orbit torque induced ultrafast magnetization switching in a ferromagnet

In 2017 we demonstrated a new method to cotiiminagnetization of GdFe@bfast timesdas:injection

of apicosecondvide electrical current pulde Calculations revealed that the switching energy needed for
a ~9 ps electrical pulse to switch a 20°mwall is ~4 32, which is much smaller (comparable) than the
erergy required in conventional STMIRAM ( SOT-MRAM) and the resulting dynamics is an order of
magnitude fastéf2 Toggleswitching(or HI-AOS) hasthe drawback thahefinal magnetic statdepends

on the previous magnetization state and siotply on an externally controllable stimulus such tag
direction of the p current pulseCurrentinduced directional magnetization switchiog the other hand
has beemlevelopedor the lastdecadeusingthe STT and SOTeffectsdown to ~50 ps current pulsés

Most of theconventional SOT and STaxperimentshoweverwere executed using stis current sources
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which limits the switching speed of those devices termibegimé>27-2°308384Garelloet al?’, measured
SOT-induced switching with ~200 ps curremulse Recently, Caet al®, demonstratedhn ultrafast
switchingtime of ~700 ps which was measurdd aCoGdbased SOT devicasing~400 ps currenpulse

in the presence of144 mTsymmetry breakingn-plane magnetic fieldSalaet al®®, reported thaime-
resolvedSOT-induced switching ifcdFeCo ferrimagnetssing subns current (their smallest pulse width
was~300 ps) pulses. They foundvédely distributedswitching timecharacterized by significant activation
delays, which limit the total switching speefitheir devicesKrizakovaet al?® demonstrated suts
field-free SOTFinduced switching in the presence of ST T current and MTJ bias voltage using ~300 ps

current pulses.

Figure5: Schematic of théa) Auston switch which generates ~ 6 ps electrical pulse when exposed to an amplified ultrafast laaesipoNse
by thegreenline. It also depicts the nelecal pumpprobe measurement scheriibe optical image of the Auston switch and the magneticitad
shown at the bottonfb) The magnetization dynamias the lowfluence limit in the presence asymmetrybreaking magnetic fieldc) The
singleshot MOKE micrograph of the device for successive singte laser pulsesr different inplane magnetiields and ~ps current pulse
directions,(d-e) he schematic of the SGMduced ultrafast reversal mechaniatrtwo different timescales after ultrafast laser excitation.
Reproduced with permission fradhuriaet al,*2 Copyright 202(Nature Publishing.

In ourwork®, we use a ~6 ps electrical pulse generated frosuston switch taeverse the magnetization
of amicro-dot (5x5 Bn?) comprisingTas/Pts/Co/Cuw/Tas/Pt stack The bottom Pt and top Ta lagare
usedwith their opposite spitiall angleto enhance the effective spiobit torqueacting onthe Co layer
and the 1 nm thick Cu layer is used to reduceédthgaloshinskidMoriya (DMI) interactiorf” at the top Co
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interface and preserve the PMA of GsomquasiDC electrical measuremesin the Hall-bar geometry,

we found that the device switches freiil, (-M_) to -M(+M;) with 100-microseconaurrent pulses with

a density of 2 x 18 A/m?) in the presence of an iplane magnetic fieltHx of 160 mT wherthe current
and field directiors are parallel (antiparallel) in agreement with th80T-induced switching direction
expected for the Pt/Co/Ta staiéke Here +M, (-M;) is the component of magnetization along its easy axis
when a positive (negative) bias field is applied.

We fabricate an Auston switéh shown in Fig.5a usirg 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 impedanasatched ceplanar waveguide is designed so that the ~ps long
electrial pulse can be propagated and delivered to the magnetic load without much diStbaitfOKE
micrographof the devicebefore and aftethe application o& singleelectrical pulse is shown fig. 5¢c at

a particularin-planemagneticfield for different currentdirections It is clear from Fig5c that the final
magnetization state of the device depends soletherelative direction of the current pulse (shown in Fig.
5¢ by the direction of the bias voltage at the Auston switchpositive bias, cuent flows alonghe +x
axig) and the implane magnetic fieldshown in Fig.5c with the blue arrow)The final magnetization
contrast is black (magnetization pointing from the surfagevhen the current and+plane fieldsopposite

and the final magnization direction is white (magnetization pointiimgo the surfacghighlighted by a red
square in Fig5c) when the current and plane fieldis parallel. These data confirnthat the final
magnetization state can be controlled by the external current pulse diré@tti®is in contrast withour
previousobservatiof? of toggleswitching of GdFeCo (similar to HAOS when exposed to similaips
charge current pulses). We calculate the upper bound for the switching energy to be ~50 pJ (for a ~6 ps
electrical pulse with current densitg % 10 A/m?) which is in contrast to previs’*8®4 as well as some

recentexperiment§-268where it has beesrguedhat the critical current densiy) increasssignificantly
for current pulsesvidth in subns regimeaccording to ,,,» SWE, where igis the current pulswidth.

Krizakovaet al2® have studied the reduced magnetic anisotropy (as an immediate effect of Joule heating)
as a function of the applied bias voltage acros#/h& and found that the effect of Joule heating increases
with increasing device diametdrhe elevated electron temperatdree to ultrafast heatingayreduce the
requiredcritical switching energy significantly when compared to the conventionaltemjoe induced
switching in relatively longer timescales.

In the timeresolved magnetization dynamisfown in Fig. 5b measured at loffluence (below the
switching threshold), we findltrafast spirtorque induced coherent oscillat®fT he sign of th@bserved
oscillatiorsis determined by the direction of the symmeirgaking field and the injected spin polarization.

An in-plane fieldalong the directiomparallel (antiparallelvith the injecteccurrent causes the moment to

precess towards (away froiie initial magnetizatiodirection F D X V/L,@Xegrease (increase) on a
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10 ps time scale.This occurs regardless of the initigd (+M,) or down (M,) state as is expected for our

SOT stackWe introduce a simpléandauliftsitz-Gilbert (LLG) micromagnetic macrepin simulation
incorporatingSOT terms to explain the switching dynamics of the systethémpresence of the iplane

field which is schematically shown in Figd-e. According to the modelyhen the irplane magneticéld

and ps currents are parallel (along +x direction as shown irb&igthe magnetization is initially at an
equilibrium position alonghe effective magnetic fielHer), which is a combination of anisotropy field
(alongthe +z axis) and irplane fidd (alongthe +x axis). Now as soon as the current pulse arrives (along
the+x axis), a dampingike torque brings the magnetization towattus-y axis and the effective anisotropy
reduces due to ultrafast demagnetization. As a result, the directiof oh&hges (as shown in Fige),

thetotal anisotropy torque reduces, and the magnetization stadtatearound theneweffective magnetic

field and ultimately settles down along the switched magnetization direadbag-z axis Althoughthe

LLG mocel does not match tHaer details of the early oscillation (between 3 to 25 ps,), particularly in the
Hx=0 case, awitching(crossing M = 0) as fast as 16 ps is predicted, wi®%recovery of magnetization
expected to be completed #b0 ps.The discrepancy between the model and the data can possibly be
explained bynhomogeneoubroadening

The demonstration ofleterministicswitching of the outof-plane magnetid cobalt film by a ~6 ps
electrical pulse vi®OTopens up an exciting new pathway filtrafast 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
geneatior®™ 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 desticaeship. Estimates of the minimum
current needed to switch a nanoscale magnetic device are well within the range that could be produced
using nanoscale CMOS transistg¥s thus enabling a highly scalable ultrafast +volatile magnetic
memory bit cell. The observed switching dynangosfound to be mostly governed by dampiliige SOT

torque acting on demagnetized moments on the ultrafast time $teanaciospin LLG simulation
gualitatively agres with the experimentlly observed magnetization dynamicSuch ps current pulse
induced experiments could also be useful in studying inertial dynamics in ferrom&¢fiedad the

resonant dynamics in antiferromagr®te/hich appear in the THz frequency range.

Outlook

In this perspective, we have discussederalrecent studies on ultrafast laseducedswitchingand ps

chargecurrent induced SOT switching of ferromagnethich webelieve tadbe a promising route to realize
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energyefficient ultrafast spintronic deviseThe RKKY exchangecoupledheterostructur®®® ensures
zerocrossing of a convention&M in ~3 ps timescaf and thereby stands as a strong candidate to be
integrated ito MTJ cells for picosecond memory applicatioidée havemodified the existing M3TM
model to explain the observed ultrafast switching in such complex strucduvestking opteMTJ cell

with relatively high TMR employing an optically switchable FREM heterosucture as the free layer of

an MTJ has now beedemonstrated with time-resolved magnetization reversal in ~10 ps (foR8
diameter memory cell)We havealsodemonstrate@OT-induced magnetization reversal in a conventional
FM using~6 pspure chargeurrentpulses®2. This approaciprovides a dramatic expansiontb& domain

of ultrafast magnetism beyond optically triggered switching to the purely electricalrdomai

Two different ultrafast devices have beproposed namely the ~ps electrical SOT switchingpased
MRAM devices andhe HI-AOS based optgpintronic MTJ devicesThey each show @romising future

to becomehe alternativéechnology in the beyondCMOSerg?°61113n different applicationsThey show
advantages such as fast switching spéeds of ps) nonvolatility, energy efficiency, and reliable
endurancevhich find applications in logic and memory devite§ stochastic computifgultrafast data
transfer ett®2?4 ThepsMRAM devices ardikely to bedesigned as SOMRAM structures while theHI-

AOS baseapto-spintronic MTJ devices could be usesh toggleSTT-MRAM structurewith much faster
switching dynamicsWe have already discussed the challenges associated viXh &hd I T-based
MRAM briefly in the introduction.One of the concerngommon to virtudy all SOT-MRAM
implementations (not just our ps varietg)therequirement of the iplane symmetrpreakingmagnetic
field which posesserious challenges in terms of device integratidifferent mechanismlike structural
asymmetryjn-built in-plane feld, straininduced effectsadditional MTJ bias voltagand STT currenare
being studiedhs an alternative tan external irplane magnetic fiefd8386.9310207 Novel materials with
much higher SOT efficiendfor more energefficient SOT switchinghave already been studied however,
they arenotyet easily integrablén a device®1%8 |t remainsa topic of future researdh determine which

of these are adaptable to ps SOT.

The ultrafast laseinduced toggle-switchable HI-AOS phenomenon is already being explored and
integrated ito MTJ celk which offers enhanced energy efficiency and much faster switching compared to
conventional MRAM deviceéd Applications for this technology will likg involve integration with silicon
photonics 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 issuewith toggleswitchingis the requirement of prior knowdge of the magnetization state to switch

it to a particular direction. Recently, van Hees al® demonstrated an interesting approach to
deterministically switch the magnetization of a Co/Gd ML using two simultaneous ultrafaspldses

with slightly different pulseenerges. So far,we haveonly discussed abotie write current amplitudes
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andthe writing speed, however for a working device, reading speedeading error ratare equally
important which depend on the TMR ratio of the deviédncreasingheread current amplitugen one
hand decreases the read sensing earat decreases the read access timeon the other handhcreases
the read disturbance err@urrently, read times ata generakengineered to befaw ns for a reasonable
read current amplitudé!®212 With the abundance spintronicsbased research around the wdddusing
on both fundamental understanding and technological developments)jayexpect to overcome the
hurdles and possibiynplement a new generation of higheedspintronics technology taddress the ever
increasingechnologicabnd computatiomeeds.
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