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We studied the thermal stability of ultrathin pargeular magnetized nanodots in the presence of
the Dzyaloshinskii-Moriya interaction (DMI) usingMinimum Energy Path (MEP) method. We
find that the smallest energy barrier is associatéd the energy path based on domain wall
nucleation and propagation down to 25 nm laterad.sWe show that the DMI has a detrimental
impact on the thermal stability factor of squarkCBtAIO dots, which decreases linearly with the
DMI amplitude. Our study reveals that the DMI limthe downscaling of MRAM cells based on

heavy metal (HM)/ferromagnet (FM)/oxide trilayers.
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Many theoretical and experimental studies havededwn improving performances of thin-film systems
exhibiting strong perpendicular magnetic anisotr@@iA) because of their potential integration innggnic
devices (e.g., magnetic random-access memory,raakememory, non-volatile logic circuits field sensors).
This perpendicular anisotropy originates at therfiaices of the ferromagnetic layer (FM e.g. Fe,@aFeB) due
to spin orbit coupling and interfacial orbital hidizatior?=>. This is particularly the case at FM/oxide (eAQ,
MgO) or FM/heavy metal (e.g. Pt, Ta) interfacese Tihterfacial anisotropy competes with the bulkpgha
anisotropy and leads, for sufficiently thin FM laygthickness typically below 1.4 nfp)to a preferential
orientation of the magnetization perpendicularlie plane of the layers. Thus, two magnetic states e
stabilized at zero applied field (magnetizatigmand dowr) useful to code binary information (0 and 1) in a
magnetic random-access memory cell (MRAM). Key paeters for a non-volatile memory application aréevr
endurance, power consumption and data retentiogo@dd trade-off among them must be found in order to
compete efficiently with alternative technologi€he efforts in spintronics are now concentratethamfamilies
of MRAMSs: spin—transfer torque (ST)land spin-orbit torque (SG) named after their writing principle. Both
comprise very thin ferromagnetic storage layer witkrfacial perpendicular anisotropy. The phencanacting
at interfaces are not only creating the magnetisctiropy but are also known to generate additiometactions
such as chiral exchang® or damping enhanceméhtvith strong impact on the static and dynamic progs of
the storage layer. Particularly, the interfaciayBlpshinskii-Moriya interaction (DM#-*>promotes states of non-
collinear magnetization with an intrinsic tilt ofagnetization at pillar edg¥s’, stabilizes cycloidal states like
chiral bubbles and skyrmiold® and assists fast magnetic domain wall (DW) mdétidh Particularly, the
creation and the manipulation of skyrmions (chlabbles) are mediated by the interfacial DMI, sspin
structures being promising in view of conceivingioas applicationd?2 Furthermore, several studies have
already pointed out that interfacial DMI signifitgnreduces the current density required for magagbn

switching in Pt/CoFeB/MgO trilayei®?*but it also affects negatively the stability projes.

The aim of this work is therefore to understand tivbeand how much can the interfacial DMI either
favour or be detrimental to the integration of BU/&IO tri-layers in memory devices. This tri-layer sture has
served as model system to study the domain wafiggyation under field and/or current in thin filntstiackg®2¢
but also the magnetization reversal driven by sphit torque in nanostructured square &otsn this paper, we
are interested in studying the thermal stabilityhef magnetization and its dependence on the laizeaof the

nanostructure and the strength of the DMI. Thegmeapproach is based on a numerical micromagagticoach.



In continuous approximation framework, considerthg symmetry properties of Pt/Co/AlO, the inter&hci

Dzyaloshinskii-Moriya interaction contribution taehange can be rewritten in terms of an energyitjeas®.

_ omy omy, omy, amy
epyr =D (mz Tx T Mx, TMa My 1)

wherem is the unitary vector of the magnetization ands @ continuous effective DMI parameter. The valfie
D can be derived from an atomistic description delpgg on crystal symmetry, thickness of the ferrgnetic
film and nature of the interfaces. For a thin fidfnthicknesg having a simple cubic structure with consiant
D scales withd/(at) " whered is the amplitude of DM interaction between atomé@rest neighbours. The
axis is the vertical axis which coincides with teuctural inversion asymmetexis of the trilayer structure,

while x andy are respectively the planar axes.

The thermal stability factor is defined as theaati= :% which enters into an Arrhenius type law
B

s
governing the transition raf®(T) = fye k8T, f, being the attempt frequency (1 GHz) . Hegadthe activation

energy and KT is the thermal activation energy withtke Boltzmann’s constant and T the operating teaipee.
The activation energydcharacterizes a strong, exponential dependenite difetime with temperature, and its
estimation gives directly access to the stabilitydata storage industry, for the magnetic medidafl disk
drives, the thermal stability factor is usually égdnabove 4247 to insure 10 years of stability of the recorded
information. For memory application as MRAMSs, thquirements are more severe since it concerns &rgys

of memory cells. The failure rate in standby cormakiboth the thermal stability factArand the capacity of the
array. The higher the memory capacity, the largerthermal stability for a given probability of lfaie in time

(e.g. areal density of 1Gb requeitabove70 ks T 28). The thermal stability factor also determinesghabability

of read disturb (write error while reading) dugtie STT produced by the read current in STT or $ORAM %,

To estimate the stability factdr, a micromagnetic approach based on string methddimum energy
path MEP3°3°has been used. This technique allows one to extiterenergy landscape of the sample, to identify
the most probable path which is taken by the sygsontaneously) from the initial state to the ffistate. The
numerical implementation consists of two steps. fifls¢ step allows finding the initial and final igpaetization
stable states between which the system might comspdntaneously. To this aim, the Landau-Lifshittb&st
(LLG) equation has been numerically solved usirghticro3D solver including the DMI contribution (eh)?,

this step is an usual energy minimization proceduarthe second step, a string approach to findMB® between



these two stable states has been devetdpédhus, a set of intermediate states has beendmresi (e.g., initial
guessed path having 50 frames). Afterwards, alintegmediate states are let to evolve following dlrerdamped
LLG equation (damping=0.5) until a user-selected time interuahas elapsed (e.g.= 50 ps), allowing the
energy landscape to be progressively explored. edulestly, an interpolation procedure has been eghpi the
intermediate states in order to construct a pathénsystem phase diagram between the initial eoad $tates,
this reparametrization being required to keep thiesermediate states equidistant. The evolutionthaf
intermediate states and their interpolation havenbepeated until the maximum relative energy esrothe last
interpolated MEP path is less than a user-selautedkerical tolerance (in this work, 0 The above described
procedure has been successfully applied to an#igsthermal stability factor of perpendicular shapesotropy

STT-MRAM cells™.

Our samples are square dots of Pt/CofAlith a Co layer of 0.6nm and various lateral siZEse
following parameters have been used foP%Ceaturation magnetization $.09 kA/m, uniaxial anisotropy
constant K=1.25e6 J/if) exchange stiffnesseA10pJ/m and Gilbert damping paramete®.5. The simulations
were performed at zero absolute temperature (Kyusing a maximum mesh size of 1 nm. These vabfidise
material parameters are allowing to have a singlealn state (perpendicularly magnetized up or datrzero
applied field and they have been set in agreeméhtour previous stud$? It is possible to vary these values as
far as the stable states mentioned above are fested. In the present study, we are focusing errake played

by the DMI thus different values of the DMI condtarere used keeping unchanged the other parameters.



HalE B [ G

_ 1120+ o
94
8 °O °0 |
N Ji
+ 1100} / fvﬁ \Q
o
< o
) o°°° %oy
@ 1080 |/g° )
UCJ ° —o—Path1 2
Path 2 |
1060 4 1 1 1 1 9
0,0 0,2 04 0,6 0,8 1,0
Reaction coordinate
o " O]
b) pah v =
® ® E
:
O o)
1o —
" Py P

®
)
®

Figure 1. a) MEP converged paths for two initialegsed paths in 100 nm lateral size Co dot with DraJ/m.
b) The corresponding snapshots of the magnetizatistnibution at different reaction coordinates:itial (1),
intermediate (2, 3, 4) and final (5).

As a general feature, with very few exceptionsesahenergy barriers can separate the two stadtiesst
this is the reason why several initial guessedgphtive been tested and compared looking to findrtiedlest
energy activation value. Fig.1 shows the results typical MEP simulation for two selected initialessed paths
(i.e., coherent rotation of the magnetization atmtB DW nucleation and propagation) for a 100 nterk size
square dot. The two equilibrium states labelledhfid (5) in Fig.1b correspond to average magnéizabinting
up (along +0z axis) odown (-Oz), respectively, and they are stable in zgngliad field. The magnetization at
the edges of the dot is tilted under the effe¢hefDMI of constant D = 2mJAAwith a maximum angle of about
31°.

Both paths converge towards mechanisms based deation and propagation of a magnetic domain
wall. As expected, since there in no applied ftelthreak the symmetry, thgp-downanddown-upmagnetization
commutations are equivalent in terms of activatoergy. However, the solutions are distinct sifeednergy
variation along the reaction coordinate presentsmaximum for path 1 and two maxima for path 2. Tirs
solution predicts a DW nucleation at a corner &f $hmple, propagation along the diagonal of thersgand
expulsion at the opposite corner. Instead for @atbven if the DW nucleation still occurs at a erof the
sample, the DW deviates from the diagonal. At p¢8)t the DW realigns with the edge of the squéhnes

generating a local minimum in the energy profilewéver, the internal structure of the domain watresponds
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to a Néel type as expected for a left-handed DMractior®. Several other initial guessed paths were tested (
intermediate frames with random distribution of thagnetization) but the lowest energy MEPs idesdifor this
set of material parameters are these two solutiemsthis reason, the analysis will be hereafteticoed using
these solutions but varying both the sample sizktlae DMI value.

Figure 2 reports the dependence of the MEP profilthe first solution (single barrier profile) upo
varying the strength of the DMI from 0 to 2.5m3/mrange for which the states with magnetizatipanddown
are stable states. Qualitatively we observed thataease in DMI shifts the MEP profiles towardaér energies
(Fig. 2a) with negligible impact on the shape @& fnofiles. This trend is confirmed by Fig. 2b, efhshows the
evolution of the thermal stability factérwith the D parameter at room temperature. It tauisthat the thermal
stability factorA is linearly decreasing with the DMI strength. Thasult can be understood by analysing the DMI
contribution to the DW energy since the switchingcimanism is based on DW nucleation and propagafios.

DW energy per unit surface for a ferromagnet magedtout of plane varies linearly with the DMI valu

according to the relatidh o = 4\/Aex (Ku —%qu_qZ) + nD. The % sign refers to the two possible DW rotation

chiralities; in the case of Co, this is left-hand€his means that the energy of the DW decreasas iginforcing
the DMI and thus favouring the nucleation of a DWs a partial conclusion, one might notice that 16@nm
wide Co square dot respects the ¥Dkhreshold if the DMI is below 1.7mJfmOne might note that the DW
energy is depending on the saturation magnetizatlom anisotropy as well as the exchange stiffnébs.

founding of our study will be still valid if theggarameters are modified such as the energy of theskys

positive.
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Figure 2. a) Evolution of the MEP with the D valnethe range 0.0 — 2.5 mJ#for 100nm wide square dot. b)
Variation of the thermal stability factaft with D estimated at room temperature. The greyedoline indicates
the 70kT threshold.



The thermal stability factor is expected to varyhwhe volume of the sample since it is involvedhia
height of the energy barriegE Hereafter, we have performed simulations by ivaryhe dot lateral dimension
in the range 25 nm -100 nm at a constant D vaAgshown in Fig. 3a, the shape of the MEP profitedution
2 having two local maxima) evolves slightly wittetlateral size of the dot while the curves arestiilownwards
toward lower energy upon reducing the sample voluiee thermal stability factor was found to in@ealmost
linearly with the lateral size (Fig. 3b), not withe dot area for a given thin film thickness. T¢as be explained
by the fact that the energy barrier is essentjabportional to the DW length, which scales like tell size since

the domain wall extends between two parallel safd¢be dot at the top of the MEP profités
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Figure 3. a) MEP profile for 100 nm (black), 50 irad) and 25 nm (blue) lateral size dots with D ma/n%; b)
Thermal stability factod as a function of the lateral siteestimated at room temperature. The grey dotteel i

indicates the 42Q" threshold.

The value of the DMI equal to 2mJras been chosen on purpose, in agreement withrévious estimated
value for Pt/Co/Metal Oxide systefhs For such a moderate to large DMI interactiom, pinedicted thermal
stability factor appears to be well below the gDkhreshold and it goes even below the limit of gI2kin
conclusion, the DMI interaction imposes a bottomitisize for the cell and should be carefully cdesed in the
design of dense MRAM arrays. For the particulaeoafsa cell based on Pt/Co(0.6nm)/AlGhe lateral size of

the dot should be above 100 nm, this value beitgnaental for use in compact and dense memories.
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Figure 4: a) MEP converged paths of a 25 nm latesiak dot labelled path 1 end path 3 (D=2n%)/rb) The
corresponding shapshots of the magnetization distibn at different reaction coordinates: initiall)(
intermediate (2, 3, 4) and final (5). c) Thermallstity factor 4 as a function of the DMI strengihestimated at
room temperature.

The reduction in the size of the dot has not oné/donsequence of reducing the thermal stabilitofa
A, but also the one of modifying the switching paibhsained by MEP simulations. In fact, for smatlets (lateral
dimensions equal to 25 nm), the MEP solution 1 iobthfrom initial guessed path based on coherdatiom
(path 1) is no longer accessible as in the caseeofarger dots. The symmetry of solution 3 isng&milar with
that of solution 1 as shown in Fig 4a. Howeverhsaithird solution is based on quasi-coherent sjation, like
magnetization curling, as indicated by the bottora bf snapshots in Fig. 4b. In contrast with phevious two
solutions (1 and 2), the thermal stability factbof the third solution is quite large (above g0keven at very
high DMI. This is indicative that the mechanism inehthis type of commutation is highly energetincs it

involves a confinement of spin texture in the cerdf the dot (intermediate snapshot 3) concentaditarge

amount of exchange and DMI energy in a very sn@lime. One positive feature of this solution ig tie DMI



interaction is not reducing anymore the associtiedmal stability factord but even slightly increases it (inset
Fig.4a). However, this apparent advantage hampadt on the effective thermal stability factbras determined

by the solution 2, because the system evolutiohalilays follow the path with the lowest energyrierEy.

In conclusion, we have shown that the interfacizy&doshinskii-Moriya has a detrimental impact oa th
thermal stability factor of square dots Pt/Co/QAlDhe activation energyggn such thin ferromagnetic layer with
strong out-of-plane anisotropy is associated witleRVisolutions based on domain wall nucleation and
propagation. This mechanism is valid for lateraksidown to 25 nm. Upon increasing the interfedidl, the
thermal stability factoA is linearly decreasing because of the chiral DWgnénear reduction with the DMI.
With the parameters used, our study reveals tllatit)gy MRAM cells based on HM/FM/oxide trilayer witgl
limit downscaling. To overcome the detrimental irtipaf the DMI on the stability technological sotuti based

on the reinforcing of the anisotropies of the sjerémagnetocrystalline and/or shape) should beiders.

SUPPLEMENTAL MATERIALS

See supplemental materials for videos of the 3 MiERilated switching solutions
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