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Spin-transferdriven oscillations of a transverse domain wall confinedgergendicular spivalve
structure are investigatedusing a onalimensional mode The stack consists of a polarizer,
nonmagnetic spacer, soft free layer, and pinned magnetic layerfound that the domaiwall
oscillation frequencys a noamonotonic highly asymmetricafunction of applied electric current
showing a stronglepen@énceon the current direction and the relative strengths of the interfacial
and bulk spirtransfer torquesMicromagnetic analysis reveathat the surprising and atypical
oscillatorresponse islue to a interplay between the interfacial sgimnsfertorque thebulk spin
transfer torquetheexchangeorque and the damping torqui€he underlying physid and materials
responses arexamined, including the important role thie domainwall twist. The competitions
between thenvolvedtorquesunderdifferent operatingonditionssuggest that the oscillator could
serve asa model systento investigatenagnetic and spintronic phenomena at the nanoschée. T
observedcurrentdependentwisting d the freelayer magnetization about the axis of precession
may further be founehteresting for investigations of the interaction between-ppiarized current
andchiral spin structures.

l. INTRODUCTION

Spin torquenancoscillators (SNOs) are nanoscaleicnowave generatorbolding great technological
promise for telecommunicatien microwaveassisted magnetic recording (MAMRheuromorphic
computing' 2 andotherhigh-frequencyapplicationg®. In STNOs, anelectric current, typically DQdrives
the magnetizatiorinto precessiorby means ofpintransfer torqu¢STT) ! or spirorbit torque(SOT)215,
The magnetization peessionis commonlydetectedthroughthe giant magnetoresistanc&NIR)'S 7 or
tunneling magnetoresistanEMR)*® effect as oscillatiomcharacteristicallyn the high MHz to low THz
frequency rangeSTNOs havelately attracted considerable reseainterestdue to their technological
appeal,including nanoscale dimensionstegrability with CMOS technology high operatingfrequency,
nonlinear responsend frequency tunability2

Most widely investigated SNOsarepoint-contact geomeies?> 3337 andpillar-structuredSTNOs based on
magnetoresistivepin valve®4! and magnetic tunnel junctiond(TJsy® 4246, Nanowirebased STNOs

have been considered, as Welt” “¢ Depending on the specifics of the system, the magnetic object
undergoing oscillations can be a magnetic dofaiff®, damain wall (DW)" 4957, vortex® 580 or
skyrmior?® 6%65 Within eachSTNO category, numerous device designsehbeen proposed with the aim

of achieving improved performance characteristics, including higher operating frequency, narrower
linewidth, greater power output, and enhanced tunability. Many designs have demonstrated their usefulness
as model systems fanfidamental investigations of physical processes occurring in magnetic and spintronic
systems at the nanoscale. ParticularlyNS§ have been used for the study of angular momentum transfer
between spipolarized current and local magnetization, topologdlitations, vortex dynamics, mode
hopping, spin wave generation, and phase locking.
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In this work, we considefrom a theoretical and numerical standpaiv@ operation and properties of-all
perpendicular spivalve STNOs where a DW is foedin the fredayerunder the application of an electric
current.. The system is comprised of a multilayer stack consisting of a polarizer, nonmagnetic spacer layer,
magnetically soft free layeand pinned magnetic layer (Fig). The polarizer and pinnedagnetic layers

are assumed to hagtrongperpendicular magnetic anisotropgd considered fixed in thedéscussions

An electric current applied perpendicularly through the stack drives the oscillator dymathefee layer

An alternative thre¢erminal device involving a nonmagnetic heawgtal layer at the base of the free
magnetic layer islsodiscussed.

Figure 1: Schematic illustration of an gilerpendicular spin valvin the three cases considered:
(a)case 0, (b) case 1, (c) case 2. In cases 0 and 1, the polarizer and pinned layer magnetizations are
oppositely oriented and electron flow is in the direction from polarizer to pinned layer. In case 2, the
magnetizations fopinned layer and polarizer are equally oriented, and the electron flow is in the
reverse direction. In case 0, the electron flow within the bulk of the free layer is not spin polarized,
while in cases 1 and 2 it is. The free layer magnetization is nbdsl@ chain of spins, with the
adopted spimumbering scheme shown in Fitc. Figureld shows the coordinate system with
respect to which the direction of each sbi'rs represented in terms of the polar and azimuthal angles,

Tand 4 , respectively.

In the sections to followye first demonstrate the operation of the STNO in three regimes.\Wagmesent

a reduceecomplexity computational model and describe the observed dependence of the oscillation
frequency on the applied electric current, the structural and material properties of the free layer, and the
spin polarization factor for differemperating configurations of the 8D. We finally examine and discuss

the underlying physics responsible for the unique dynamical respori3¢/dfasedspinvalve STNOs,
including reference to the nature of the competition between the participating irdesaatid the role of

DW twist. Further details aralsogiven in the SupplementaMaterial

Il. STRUCTURAL CONFIGURATION AND OPERATION

We consider threeases of operation illustrated in Eidia-c. Depending on thdirections ofapplied current
and pinned layer magnetizatimndwhether bulk STT is negligible (case 0; Flg) or appreciablgcases
2



1 and 2; Fig. 1b, ), strikingly different frequency responses abtainedFigs. Erreur ! Source du renvoi
introuvable.a-c), with particularly surprising and atypical frequermyrrent characteristics observed in
cass0 (Fig. 2a) and 2 (Fig. 2d¥requency results iRig. 2were obtained by simulating the magnetization
dynamics of the free layer based on the -gbiain model outlined in section Ill (calculation details can be
found in the Appendix).
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Figure2: (a-c) Frequency as a function of applied current for cases 0, 1, and 24f€g.(d-f) Corresponding

spin configurations during steadyate precession about the vertical axis for several illustrative current.values
(Spin valve not drawn to scale for convenience of illustration. Geometrical and material parameters are given
in the main textConversion from current amplitude to current density for all cases: m@25 108 A/cn?.)

In all casesonsideredFigs. 1ac), upon application of electric curretihe spins of the itinerant electrons
flowing through the spacer layer interact with the local magnetic moment of the polarizer and fge layer
causing a transfer of angular momentum between them. This is knolaa SE T effect ® 11 Because it is
local in nature, occurringrimarily at the interfaces of the magfic andspacer layes; it is referred to as
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the interfacial STT effeciAs discussed latethe bulk STT effeét'®also has an important role in the STNO
operation

For electron flow from the polarizer toward the free layer (cases 0;adfigsllaandb, respectively, the
resulting interfacial STT tends to orient the magnetization of the free layer in the direction of the polarizer
magnetization. Conversely, for electron flow in the opposite direction (case 2¢kitheinterfacial STT

tends to orient the magnetization of the free layer in the direction opposite to that of the polarizer
magnetization. In all cases, the tendency is for a DW to be introduced into the free layer from the end
adjacent to the polarizer.

In case O(Fig. 1a), as the current is initially increased, the magnetization of the free layer cants due to the
action of the interfacial STT, and precession begins about the giymdnterlayer exchange field thia
frequency that is positively correlated with current (inset of Mgreur ! Source du renvoi
introuvable.a). For sufficiently large currents, a DW is introduced into the free layerEfeur ! Source

du renvoi introuvable.b-iii) and moves up toward the pinned layer as current is further increased
Remarkablya maximum precessional frequencyeigentuallyreachedFig. Erreur ! Source du renvoi
introuvable.a-iv), at whichtime the DW is closest to the pinned lay@ig. Erreur ! Source du renvoi
introuvable.b-iv). Furtherincreases in current ressiiin a reduction of precessional frequency and a
downward movement of the DW away from the pinned layer. The frequency asymptotically approaches
zero (Fig.Erreur ! Source du renvoi introuvablea) and the DW position converges to the midpoint of
the free layer (FigErreur ! Source du renvoi introuvableb-v) as! O f

In cases 1 and (Figs. 1b andc), when the spin polarization of the electric current within the bulk of the
free layer is nomegligiblethereis an additional bulk STT exerted within the free magnetic layer due to
the interaction between the sginlarized current and the spatially varying local magnetic mdméhe
primary action of the bulk STT is to push the DW in the direction of the electrofflow

In case 1 (Figlb), thebulk STT drives the DW toward the pinned layexgainst which its progressively
compressed as current is increased. Since the interlayer exchange torque, which generates the precession,
is larger when the DW is more compressed against the pinned lagidseeause the Hplane component

of the freelayer net magnetic moment (precessional inertia) is smaller with greater DW confinement (Fig.
Erreur ! Source du renvoi introuvablee), more rapid oscillations are observed at larger current (Fig.
Erreur ! Source du renvoi introuvableb).

Conversely, in case 2 (Figc), the bulk STT pusgsthe DW in the reverse direction, toward the polarizer.
For relatively low currents, precession is driven by thelayer exchange torque supplied by the pinned

Co S . :
layer (top), hence precession in the CCW dlrectlén (), as can be inferred from the pinrleger [(:ode de champ modifié

A

magnetization orientation. As the current is raised, the frequency of precession reduces, reaching zero (static

equilibrium) for a certain current value (Figtreur ! Source du renvoi introuvable?. With a furrhTr
increase in current, precession begins again, but now in the opposite, CW dir ctio%,(with
A

[Code de champ modifié

A

positively correlated WitHr. [Code de champ modifié

(Code de champ modifié

In all cases, under constant current, sggtem convergeto a solution characterized laysteadystate

precession of the DW magnetization about the vertical axis at some given frequenfrequencycurrent

relationshig observedor the three cases (Figrreur ! Source du renvoi introuvable) can be understood

in terms of the competition between the participating torques.(&ig, and5) and the twist of the spin

chainthat developsn case 0 andase2, but not in case {Fig. 6). The interplay between interfacial STT,

bulk STT,interlayer exchange, and magnetocrystalline anisotropy, discussed here in the contdQsf ST
4



may beadditionally relevant to STIMRAM desgns employing elongatedtoragelayers which have
recently been proposexs aroute toenhaning lateral scalabilityof memory cells to suthOnm scalg®%,
Similar interactions are also expected to occur in analdhoesterminalsystemsnvolving acurrent path
running horizontally through mon-magneticheavymetal layer connecting to the frisger in place of the
polarizerspacer dut 5°7®, In such devices, the role of the interfacial STT would be replaced by that of the
SOT deriving from the spirHall effect or broken inversion symmetry at twrespondingnterfacé®,

M. ONE-DIMENSIONAL SPIN-CHAIN MODEL

A onedimensional (1D) model is firgmployedto represent the SO in simplified formand to gain a
general understanding of t@derlyingphysicscontrolling STNO responséighlighted in Fig. 2Within
thismodel, themagnetizations of the polarizer and the pinned layefixed All degrees of freedorof the
magnetic systerarethussolelyassociated with the magnetization of the free laybich we model as a
chain ofspins(Fig. 1c). The dynamics of thehainof spinsdescribingthe free layer magnetization is
governedby the LandatlLifshitz-Gilbert equation consisting of the precessionand dampingorque
terms,andextendeddy the interfaciaturrentinducedtorqueterm, either interfacial STDr SOT,and the
adiabatic and neadiabaticoulk-STT term&*

dm, 5 (J9
dtl m, UHeff.i Jr@, ud_tl interfacé, 2 bQTI’,

@

In the equatiorabove ) denotes the unit direction vector of thé spin in the chain? ) is the time,

1~ H \
J(rad s'~ O¢' is the gyromagnetic ratitaken as positivegnd D(unitless

4 is the Gilbert damping
constant of the free layer. The effective magnetic field exerted onl sigilenoted byH eni (0€)

s

equal to the sum of the applied magnetic fi'é\@’p‘ , the bulk exchange fieI'&| e the interlayer exchange

field Hiexi , andthe magnetocrystallin@nisotropy fieldH anisi j.e,

Heff,i H appi H ex, H iex, H anis_ (2)
Here, we have excluded from considerations the Oersted field, ésgrtiit its effect on magnetization
dynamicsis negligibleconsideringhe nanoscalsizeof the spirvalve structure thawve model(see next
section for spirvalve dimensions)NVe have also dropped the magnetostatic fielelgn(1), to simplify the
analysis of the interplay between interactions responsiblehforobservedSTNO frequencycurrent
characteristics (Figy Erreur ! Source du renvoi introuvablea-c), whicharenot qualitatively affected by
dipolarcoupling Expressiongor the fields inEqg. (2) are providedn the Supplementaryaterial

The interfacialcurrentinducedtorquein Eqg. (1), asthe interlayer exchange tque, is exered only atan
end spingspecificallythe bottommost spinl ( 1), andis modekdas

%terface,l FL QU SiZ/Dl_ PLD P u. 3

The direction of the unit vectoq and thevaluesof the prefactors 14 and w are determined by the
specifics of the mechanism responsible for the tqroqievice geometrymaterials systemand

magnetizatiorconfiguratiort*. In the case of interfacial STThe unit vector™ has the direction of the
polarizer magnetizatiori,e., 00 p, with P, 1. In case of SOT,rf is in the plane of the

nonmagnetic heavinetal layer and orthogonal to the direction of current flBar. details, he reader is
5



referred tahe Supplementar%/laterialandelsewheré‘. In ouranalysis we explicitly consider the case of
interfacial STTi.e, nefacel 1™ iSTT.. gndshall refer tdt from this stage forward by this latter symbol.

The last term Zsrri in the dynamicakEg. (1) representshe bulk STT which, unlike the interfacial STT,

is applied toall the spins of the spin chaifhe bulk STT efficiency is consideredroin case 0 andon+
negligiblein cases IFig. 1b) and 2(Fig. 1c). While the bulk STT generally consists of an adiabatic and
nonradiabatic contribution, we neglect theter contribution in the ensuing analysas, its effect on the
results wadound tonot besignificant In other systems, however, the paxiabatic contribution caplay

a critical rolé %7578 Theexplicit expression for the bulk STi$ provided inthe SupplementarMaterial

Figure 3: (a) Schematic illustration of the torques acting on the bottommest)( interioi
(1<i<N), and topmosti (= N) spin of the free layer. (b) Representation of the net magnetic m
of the free layer with the net torqueseeted upon it. Generally, the directions and magnitud
the torques depend on the STNO operational configuration (orientation of polarizer and pinr
magnetization), the relative strengths of the interfacial and bulk STTs, and current amplift

5).
According to the first term iiEq. (1), the precessional torques due to thieromagnetidields can be
individually computedising *. These orquestogether with the interfacial and bulk S3&e
(emu)

depicted in Fig3a The net magnetic momentnet

. T T emu/s, . . . .
acting on if T'STT, TbSTT, T'E‘X, damp ( ‘,are schematically represented in Flg. Their computation

of the free layer and the nedividual torques

is detailedin the Supplementarivaterial

Several qualities of the involved torques should be pointed,owhich can be deduced from their
e@ressionsgiven in the SupplementaryMaterial For a vertically magnetized polarizexssuming that

in Eq. (3) (reasonable assumption for-alktallic spn-valve devices)theinterfacial STT has only

W25 cos Tcos/ cosTsin/  sini.

a polar component,e., ™! , where 1 is the unit
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vector in the polar directiowith respect to the first spin. Similarly, for a vertically magnetized pinned
layer, the interlay ﬁhange taqmas only along the azimuthal directiwith respect to the topmost

er e
o % sin cos .
spin,i.e, ™N Wn N N . In case of a planar spin structure, the bulk

C
exchange torque and the bulk STT have the fo%’i‘i W F and bSTT mgﬂ?i, whereas in the
presencef DW twist, i.e.,for a nonplanar spin strchﬂre, these torques have frirr' gptions in both the

N, where N

polar and azimuthal directionisg., 4 &1 "'ex T gng bSTH - bSTH-i "WbSTT.E Finglly, onthe

condition ofa steadystate precession about the vertical axis, the damping torque on each spin must be
i oY, %am i I|D UdCP/dt D damj 7 i 2&

along the local polar directione., R P-1 . To clarify, inthe forms and

T T I(, the scalar pretdors multiplying the unit vectordenotenot vector magnit.udes,m‘ $ and

w2 T T, Tf

T Zm , butratherthesigninclusive componentalues - Such a notation

convention is used to avoid clustering of indied®n possible

It can be concluded thtte net interfacial STT torque and the net interlayer exchange tacqﬁ on the

net magnetic moment "¢t of the free layeccan be written asT s Tisrr 1 and Tioe = T I§ . With

respect tp the net m_iqg(Betic momembyvever these and remaining net torques take the general form

pomet T Tonet T /ine where T denotes the radial component tending to increase or decrease

the magnitude of net R Qe‘. Nevertheless, in specific casasgiven individual torque may have only
onefinite component, as illustratdzelow. Finally, we note thatuding stealy-state precession about the

vertical axis when themagnitude "t is unchangingthe vectorial sum of all net torquesist be of the

form Tot Tisrr Tosrr Tiex Tgamp T e " indicating a compensation of torqgemponents, to be

iex
addressedithe cominganalysis.

V. STNO CHARACTERISTICS

A. In the absence of bulk STT case 0

First, we consider currerinduced DW oscillations in an gerpendicular sphvalve structurein the
absence of bulk ST{case 0, Figla). This providesa clearer understanding of the effects of the interfacial
STT on oscillatodynamicsand the coupling between the polar and azimuthal degrees of freedom of the
spin chain The bulk STT cangeneally be neglectedwhenthe spin polarization of the electric current
passingthrough thefree layer is sufficiently small. A heterostructuredree layer for example can be
optimized for large STT near the friyerspacer interface and reduced SWikhin the bulk through
appropriate materials selection.

We assume the soft free layer to be perfectly saft, to have zero magnetocrystalline anisotrofiye
operation of the considereédlTNO is analyzedin the absence anapplied magnetic fieldOeisted and
magnetostatic fields aexcluded from the modebincewe are considering an glerpendicular spivalve
structure the poIarizerF%ndOthecf)in]r_led layer are taken to be magnetized verclgal%msoe the former to
be magnetized upge., , and the latter to be magnetized dowa, .Inthe
absence of bulk STand forasymmetric interfaciaSTT efficiencyEq. (A5), the response of the modeled
STNOis identicalregardless othe relative orientations of the polarizer and pidager magnetizations

7



overhead view

Figure4: lllustrations of the competitions between local torqu%S[ V DFWLQJ RQ DQ
spin nQ’ and of net torqued V. DFWLQJ R-QyaNiagnQitimomdntiH during stead
state CW precession for cases 0, 1,2nd



By symmetry, we expect the precession of spins of the free layer undppléed current to baboutthe
vertical axis as illustrated in Figla

The free layer is modeled as a rectangular cubbiéngth I 7 nMyjith a square base of side length
W 5NM The frﬁelayer%chan%o Iengthsaturatlon magnetizatipanddamping parameter aohosen
S

to be A emu/c and D 0.02 respectively The finite-differences cell

size associated with each spin is 1NM hence NI 7 spins discretize the free layer
magnetizationThe energy density of the interlayer exchange coupling between the free and pinned layers
is set to “ex X/, which specifiesan interlayer exchange coupling of thame strength as the
exchange coupling between nelghborlng spins_within the free layer.devicespecific constants in

Eq. (A5) arechosen to beqp and % , SO that «) 71. By numerically integrating the
extended LLGEQ. (1), we obtainthe dynamics of the spin chailescribingthe freelayer magnetization.
FigureErreur ! Source du renvoi introuvablea shows the frequency afeadystate oscillations dfhe

freellayer magnetizationsaa function of applied current. Electron flow the direction fronpolarizer
toward to thepinned layeiis regarded as positive currentthe present case

At zeroappliedcurrentthe system is iastable equilibriunstatewith the freelayer magnetization oriented
in the directionof the pinned laye(Fig. Erreur ! Source du renvoi introuvabled(i)). The bulk and
interlayer exchange energies are both minimiemthis configuration.As the appliedDC current is
increased, the interfacial STT acts to tilt the bottommost $piedree layer in the direction of the polarizer
magnetizationj.e., counter to the magnetization of the pinned layer (Eigeur ! Source du renvoi
introuvable.d (ii)), provided there is a small perturbation of the bottommostthpilirects it away from
its perfect alignment with the magnetization of the polari¥¢ith initial tilting of the first spin, the
remainng spins in the chain tilt as well, owing tiee bulk exchangénteraction As a result, a finitengle

9 developshetween the last spiin N in the chain and thenagnetizatiordirectionof thepinned layer
q(. The finite angle Eq implies an interlayer exchange torque exerted by the piagedon the free layer.

This torquereceived by the topmost spirithe chain, is distributed over the remaining spiaghe bulk
exchange interaction amgnerateshe precession of the fré@yer magnetizatioas a whole

Simulations showvithat the magnetization oscillations perS|st onzy if a current is applied in excess of a
threshold value,which, for the specified SNO, is 't For th the precessing
magnetization relaxelsack to its perfectly verti¢aquilibrium configuration (FigErreur ! Source du

renvoi introuvable.b(i)), regardless of the magnitude of the perturbatfofiinite threshold current for
sustained magnetization oscillatiiesacommonfeatureof manySTNO device$” 4% ¢

From the above:onsi%erationsit is reasonable texpectthat an increase iappliedcurrentleads to an
increase inthe ange ™% between the topmost spin and the pintager magnetizatiorand henceesuls

in agreateinterlayer exchange torque, implyg faster precession. For relatively low currents, thisdeed
the caseasimplied by theinitial positive correlation between tladsolutefrequency and applied current
shownin the inset ofFig. Erreur ! Source du renvoi introuvablea. Surprisingly with greater increases
in applied current, the frequency begins to level off andsequentlydecreasdinset of Fig. Erreur !
Source du renvoi introuvablea), approaching asymptotically zero in the high current lint,

as! of (Fig. Erreur ! Source du renvoi introuvable a).



Figure5: (a-c) Azimuthal and (ef) vertical projections of the net interlayer exchange, interfaciattspisfer
and damping torques, and the resultant net torque acting on the net free layer magnetic momenri,irl
and 2, given as a function of applied current. The azimuthal torque components drive STNO oscillatio
the vertical torque components mutually compensate for ststatly magnetization precession.

As noted for zero applied currenthe freelayer mag}getization is stationary, wih spins oriented along

the direction of the pinneldyer magnetizatign.e., ,forall I . As the current ignitially increased,

the spins tilt, and the polar angle of each spin becomes fiaite,r ZO. Simulations show thehe twisting

of the spin chain fosufficiently reducedurrent isrelatively small hencewe can regard the spin chain as

being approximatelystructurally planamt low currentsIn this case(Fig. Erreur ! Source du renvoi

n ouvab&.a,d i't)},l the azimuthal directions arenearly the same for all spins,ie,
LY, %

net {

comparableas well i.e.,

o o
interfacial STT,TiSTT Tisrr et which acts in the net direction is balanced by théamping torque,

N Furthermorethe polar directios of all spinsfor low currentsare mutually
0] O
net { 1q) 2 |7 N We, therefore,concludethat at low current bias, the
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, of opposite sens&o asto result insteadystate precessioof the spin chairabout the
vertical axisj.e.,

4
The situatiordescribed byhe equation above &alogougo that characterizing many previously proposed
STNO design3 3+ 398081 The interlayer exchange torque, , acting in the azimuthal direction

, consequentlygenerags alonethe precessiomf magnetizationin the low current regim Since,

according toEq. (A11), for a downwarebriented pinnedayer magnetization ( ), the
magnetizatiorprecession of the free layer in the case considered is in the CW direction.

For alarge current biasa twist in the spin chain becomes prominent i) (shadow),Fig.@a,o) and
Eq. (4) no longer holds. That the spin chain necesstrdyuresa twist during steadgtateoscillationscan
be recognized by inspecting tbenditionsfor steadystate precessiaof anyinterior spinof the chain(Fig.

@a(i)). If the spin chain is undergoing steegtpte precessicabout the vertial axisas a wholetheneach
spin must be undergoing steashate precessioabout the same axiadividually. The damping torque

, acting on an arbitrary interior spin consequentlyactsin the  directionin

the case obteadystateCW precession about the vertical axi®r such precession to be possithere
mustbean equal and opposite torque to balance . In our reduced complexity modeligh
torque could only come from the bulk exchange interacpoovided there exists a twist in the spin chain
to generate itA twist in the spin chain, therefore, is a necessary condition for sgtamyprecession of the
free-layer magnetization in cae
To restate the physiés simple termsthenonuniformfanningof the spinchain(which specifieshe -
profile) results in an uncompensataedimuthalcomponent of théulk exchange torque ,on
eachinterior spin which generatedts precession about the vertical axiereaghe twisting of the spin
chain (which specifes the -profile) gives rise to the polar component of the bulk exchange torque

, heeded to balance the damping torque , so thatsteadystate precessiois
achieved
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Figure6: (ac) The azimuthal angle difference, , between the topmost and the bottommost-lager

spin as a function of applied current for cases 0, 1, and 2. Thediffgtence reflects the twist in the spin

chain, which monotonically changes with applied current in cases 0 and 2, while it isinlrsese 1. (d) An

overhead view of the free layer spins at a given current showing the developed twist in the spin change.

careful comparison of the positions of the arrow tips with respect to their circular traces reveals that in cas
for the specified current value.)

In the continuum limita finite implies a norvanishing second derivative of the polar angle ,
whereasa finite implies anonvanishingfirst derivative of the azimuthal angle  with respect to
the longitudinal coordinate °. Since the rate of precession andnsequently initially increase

with current, thecountebalancingtorque component  must also increader steadystate precessicio
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persistat largerappliedcurrent This implies increased twist at larger currantplitudesand oscillation
frequencies{Fig.EF).

Since theazimuthaldirection of each spin is substantially differeint the
presence ofprominenttwist, Eq. (4) no longer holdsasit was based on the approximation of structural
planarity of the spin chain. Fig iii) demonstrates thahé netinterfacial STT, ,is no

longerin balancewith the netdamping torque, , sincethe two torques ithe presence of prominent
twist have significantly different directions

Along the vertical directionthe netdamping torque , is still compensated by (Figs.Ea(iii) and
), so thatsteadystate precession iealized

©)

The net torqugeneratinghe precession of the twisted spin chainereforejs equal tothe vectorial sum
of the interlayer exchange torque , and the uncompensatedomponent of the interfacial STT

. The uncompensated STT component given kg lttersum is necessarily an-plane
component, such that the net torque

(6)

is alongthe azimuthal  direction of the netnagnetic moment , i.e, , as required for
steadystate precession about the vertical &Rig.ﬂi(iii)).

As can be seen in FEIa(iii), thein-plane component of theetinterfacial STT projects negatively onto

the azimuthal component of theetinterlayer exchange torquthusexertinga brakingactionthat slows

down the precession of the frégyer magnetic moment. Geometrically, as the twist increases with
increasing currer(Fig.@), thenetinterfacialSTT orients more in the direction opposite to that ofnisie
interlayer exchange torquieringing about reduction of oscillation frequency with increasing current, as
observed in FigErreur ! Source du renvoi introuvablea for high currentvalues The competition
between the azimuthal components of the net torques and the compensation of their vertical cormponents

shown in Fig;. an.

In the limit theoscillationfrequencyis observed tapproach zer(Fig. Erreur ! Source du renvoi
introuvable.a). This impliesstatic equilibrium in thehigh-current limit. Such an equilibrium is only

possibleon condition that . Indeed, as simulationeveal the azimuthahngle difference between

the first and last spin in the twisted chain approachesin thegivenlimit, i.e., as

(Fig.@a). Accordingto Egs.(A10) and(A11), in this limit, theinterfacial STT tends toward an antiparallel
alignment with the interlayer exchange torque, as shown ii@hich results irtorquecancellation(

: )-

It can beintuitively argued that in the high current linsiteadystateoscillations canot persistan case0.
Namely, when , we expect that on accoundf an infinitely coerciventerfacial

STT. A vertically oriented spin, however, cannot precess about the vertical axgosseseso in-plane
13



Figure7: lllustrations of the net magnetic moment of the free layer,, and the torques acting on it
cased when . In the highcurrent limit, the net interfacial STT, , counterbalances the act
of the net interlayer exchange torque, , thus bringing the system into a state of static equilibriur

Fig@i shows, the twist in the spin chain (which in the considered limit is confined to the bott
region of the free layer) approaches , and thus, according {#10) and(A11), tends toward ¢

antiparallel alignment with

componernthence,it cannot transmit power to the neighboring spin in the cti@iough the exchange
interaction

In effect the limiting condition is equivalent to the condition ofvartically fixed bottommost spin.
Since the magnetic moment of the pinned layer is \&stically fixed, the system reduces to a string of
spins with vertically fixed ends, a basic micromagnetics boundeaiue problemwith a well-known
equilibrium solutionThis solution consists of a DW centered at the midpoint betwedwthisoundaries,
with no twistand a constant rate of change of the polar angddong the direction of the string of spins,
i.e., uniform fanning? This ispreciselythe solition obtained byur simulationsfor the spin valvein the
high current limit (Fig. 2d(v)), where the difference between the first and last spin of the
chain in the higkcurrent limit is reconciled with the rwvist solution of thebasic micromagnetiscoundary
value problem by virtue of the fact that the first (bottommost) epite spin chainhas a vanishing in
plane component.e., as . As Fig@ shows, even for a relatively low current, the twisting
of the spin chain is concentrated near the bottom of the free layer where the spins are largely vertically
oriented so the twist is not very noticeabla thecontinuumlimit ( ), when , the twisting

is confinedto aninfinitesimally small region at the base of the free layer, and since , the
overall spin configuration can equivalently be regarded as having no twist.

Consideringthat steadystate precession in ca@elependsensitivelyon the azimuthal angldifference
, which is highly affected byfluctuations of spin direction, we expect considerable spectral

linewidth broadeningn the presence of thermalgitationof the spinglue tofinite ambient temperature and
Joule heatingThe stochastiluctuations of the direction of the bottommost spin of the free layer imply
not only fluctuationsof the interfaciatSTT magnitude, but alsits direction. A drasticeffect of thermal
fluctuations is expected rgercurrents, when the bottommost fieger spinis mostly vertically oriented
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( )and is large Under such conditona YHU\ VPDOO IOXFWXDWLRQ RI WKH VSLQTVY GLUHFWLRQ FDQ UH

iNnaGLDPHWULFDO FK Dapidrthtiar. $ihkeH WHRVdsToXdiIfitdns by forcing a D\kito the

free layer wheri@ it precesses about the interlayer exchangel, fishd modulates theprecessional
frequency through stbraking action, thermal fluctuations latger currentstheoreticallyare expected to
highly impactthe oscillator$ dynamical response case 0

It must be noted however,that for the present $I0 specifications, a current of , Closely
matchingthe amplitude at which the frequency of oscillations is maxinfEig. 2a), corresponds to a
current density of , which exceeds byoughly two orders ofmagnitude the
breakdown thresholfbr typical spirvalve deviceslt would, thereforepeexperimentallydifficult to study

the oscillator response in the higbrrent regime in case 0, #® device wouldikely not beable to
withstand the extreme conidihs of operation. Exploring the physics of the frequency dependence on
current in case 0, nonetheldgghlights thecompetition between the participating torques and the role of
DW twist, whichis particularlyusefulin explaining the behavior of th®TNO under casd and cas®
operatingconditionsdiscussed in the subsequent sections.

The effects of damping and other material and structural parameters orNi@edgfamical response in
case0 are presented in ti&ipplementaryaterial

B. In the presenceof bulk STT: cases 1 and 2

We investigate the curresfitequency characteristics af spin valve of the same structural and material
propertiesas described previolys excepthow we considertthe current passing through the free layer to be
spinpolarizedby setting for the first set of simulations, in Eq. (A7). This lead to the emergence of
the bulk STT, which distinctly affesthe STNO responseLater we shall inspect thrdependencef the
characteristicon the value of the spin polarization. To simplify analysis, we shaignore nor

adiabatic effectsandthusimpose in Eqg. (A6). (Simulations with indicated that the nen
adiabatic effects on dynamics of ascillatorwere not significan}.

Figures 2b and 2cshowthatin the presence of bulk STT, the characteristic®f the modeledSTNO

are qualitatively different for the twapnsideredperating configurations.e.: (casel) when the magnetic
moments of the polarizer and the pinned layer are oriemthrallelto each othefFig. 1b), and(case?)
when they are oriented parallel to each other (&p.Toinduceoscillations the electric current in cade
must be appliego that electronflow from the pinned layer toward the polarizer, while in case 2, the
electric current should be applied in tposte direction otherwise theppliedcurrentstabilizesthe spins

in astaticverticalconfiguration

Case 1l

The bulk STT tends totranslate a DW in the direction of the electron fldw.casel, the spin current
passing through the free layer pushes the &jAinst the pinned layer, causing it to comp(€ss. 2€).
This compressioof the DWresults inanincreasedulk exchange torque in the azimuthal direction, and
hence increased rate of preces%idh Since the DW cannot exit the free layer at the top intelfacause
the pimedlayer magnetizatiois fixed, increaed currentinevitably implies increaseBW compression
and greater oscillation frequenig. 2b).
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Simulation results presented in this section where obtained usingehsfaiirmodel consisting of

spins(cell size ) in order to resolve the spatial magnetization variation associated with D\N[ Code de champ modifié
A

compression against the pinned layer in dafi€ig. 2¢).

To reacha deeper understanding of the interplay between the different participating interactions resulting
in steadystate precession in case 1, we inspect the balance of torques necesHae\steadystate
precession of an arbitrary spin interior to the flegeer spin chainin Fig.(i), we sedhat the bulk STT

, responsible fopusthing the DW toward the direction of the pinned Iaysstscounter to
the damping torque . Simulation resultsonfirm that these two torquésdeedcompensate

oneamotherfor each interior spin of the chailuring steadystate precessione., , for
all . A twist in the spin chaintherefore,s not a necessary condition for steatiyte precession in the
presence of bulk STT for thmonsideredconfiguration(case 1, Fi(ii)), as the damping torque

is alreadybalancedat eactinterior spin by

Simulations confirm that a twist does not devedoping steadystate oscillations in case(Eig.@). Still,
as inthe absence of bulk ST(Ease0, Fig.BL(i)), it is the bulk exchange torque, , arising
from thenonuniformfanning of the spisthatgeneratethe precession in the azimuthal direction internally.

Externally,as required for steaeltate precession about the vertical attis, vertical components difie
torquesacting on the net magnetic mom@aﬂance(Figs.(iii) an),

@

Thenet torqueequal tothe vectorialsum
: ®)

acts in consequence &q. (7), in-plane and orthogonal to , i.e, in the azimuthal  direction,thus
generating precessiaf the netfreelayer magnetic momerdbout the verticahxis Schematically this is

illustrated inFig.(iii).

Figur shows thator largeenoughappliedcurrentsthe interfacial STT is negligiplsmallin comparison

to the remaining torques in equatifg. (8). This can be expected in view of the ngerfect vertical

orientationof the bottommost spirf ) for such operating conditiondJnder such conditions, the

described spin valve responds equivalently to thid@ihvestigated by Franchiet al®®, involving a free

layer pinned at both engdand an absence of interfacial STThe authors have analytically determined the
characteristics for such a systemthe low and high curremégimes. Our simulatior&milarly show

that for large curreramplitudeghe frequency iproportional tathe squarefathe currenti.e.,

For a discussion of the dependence of frequency on the damping constant and otferamatstructural
parameters, see tiSaipplementariaterial
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Case 2

Qualitatively very different characteristics are obtained for case 2, when the polarizer and -pinned
layer magnetizations are orientéd the same direction, and the elecgaitream from the pinned layer
toward the polarizer-or convenience, we shall redefine here positive current to correspond to electron
flow from the pinned layer toward the polariz&imulations of spirchain dynarits in cas&€ were

obtained using a spin chain involving spins(cell size ). Figure 2c showsfor the [cOde de champ modifié
A

describedoperating configuratiora threshold current of required for sustaine€CW

magnetization precessioRrom this mark ( ), the oscillation frequency is seemgradually
decreas¢o zerowith increasing current amplitudat which point the DW magnetization ceases to precess
( ). As current is increased further, precession commences again, but now in the dppbsite
direction( ).

For the material and structural specificationsh&fSTNO described, the current amplitude at whstdtic
equilibrium is reached ( ; Fig. 2¢) in case2 corresponds to a current density of

, which well exceeds thiypical spinrvalve breakdown thresholdt would not be
straightforward thereforefo experimentallyexplore the SNO response within a current range inclusive
of . Yet, we do not dismiss the possibility that certain modifications t8Cs$pecifications may result

in a sufficient reduction of the transition current,, that would make experimental investigation of the

oscillator response within its vicinitieasible. Explaining the unique frequenaurrent charaetistic
shown in Fig.2c, in any eventprovesto beuseful in broadeningurunderstanding of the nature of possible
torque competitions in spivalve devices featuring a DW.

For a deeper insight into the physics responsibletifieratypical oscillatobehaviorillustrated in Fig.2c,

we turnour attention to the torques exerted on an arbitrary interior spin within thlyerespin chain.
For low current values, precessiohthe net magnetic momerg predominantly due to the interlayer
exchange tonge suppliedby the pinned Iaye(rFig.). Since the pinned layer in case 2 is oriented upward,
the precession igitially in the CCW direction pr sense)when viewed from the top. Theenseof

magnetizatiorprecessiorspecifiesthe orientation of the damping torque , which

is proportional to the first timderivativeof the magnetization

Figure@:(i) illustratesthe torquescting on an arbitrariyterior spin when the magnetization precession is

in the CCWdirection.For current valuegiving rise toCCW precessiarthedamping torqués oriented in

the direction. The polar component of the bulk STT, , isalsoorientedin the direction as

it tends topropelthe DW in the direction dheelectron flow,.e., toward the polarizeThese two torques,
and , therefore,constructively superimpos&.et, we know thatfor steadystate

precessiorthe resultant potatorque on each spin must vani$tie thusconclude that twist in the spin
chain is a necessary condition for steathte CCW precession in the presence of bulk BTcase 2so

that torque compensation in the polar directioackievedi.e., , where is
the polar component of the bulk exchange torque arising from the twist. Furthermore, we conclude that the
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sense of the twist is suthatthe bottommost spin leads in tR&EW precession of thepin chain,i.e,,
, so that is orientedopposite tothe remainingwo torques and

Simulations confirm the presence of twist in the spin chain during sstatlyCCW precession in case 2
(Fig.EI:,f).

The twist, which is a necsary condition for steadstate precession in the presence of bulk Bildase2,
implies the existence of a finite azimuthal component obtlike STT, . For theparticularsense of

twistinherent tcsteadystateCCW precessioin case ZFigH:), is orienteccounterto the azimuthal
component of the bulk exchange torque, , resulting from the nonuniform fanning of the spins.

Consequently the azimuthal component of thieulk STT, , whose magnitude isonotonically

increasing with appliecurrent, exerts a breaking actioipon the CCWoprecession of the frdayer
magnetization

With increasing current and twist, taeimuthal component of thmilk STT, , acting on each internal
spin , growsin magnitude ultimately counterbalancing tle azimuthal component of tHaulk exchange
torque, . At compensationi.e., , static equilibriumis reachedhence , for

some particular current value (Fig.EF(i)). With further increasem current, overcomes

ie, , and precession commen@ggin, but nown the opposite, CW direction.

Figur(i) showsthe torques acting on an interior spin when , i.e, inthecase of CW precessipn

where . The damping torque, , being proportional to the tirmate of change of the
spindirectionvector , changes orientation with the change of the sense of precession, and hence is now
in the direction counter to the polar component of the bulk STT, (Fig.Ei(i)). Since the twist of the

spin chain increaseontinuouslyas the current approache from below, itdoesnot underga sudden
change irsense as the current crossesConsequentlthe azimuthal components of the bulk STT,

, and the bulk exchange torque, , do not change orientation updhe transition from CCW to CW
precession. Simulation show that thgst cortinuesincreasng linearly as current is increaséxtyond

(Fig.El:).

From the viewpoint of netmagnetic momengFigs 3c(iii) an(iii)), the vetical components of theet
torques balance, as expresse#dn(7), while theresultantorque , given byEq. (8), necessarily acts
in the direction,thusgeneraing magnetizatioprecessiombout the vertical axisimilarly as in casé.
However, mlike in case 1the magnitude of  is not monotonically increasingith current asimplied
by the characteristishown inFig. 2c, and aobservedn Fig..

Themaincontribution to  , when , comes from the interlayer exchange torque, as seen in
Figs.[4k(iii) andB}. Theupwardorientation of thginnedlayer magnetizatiomeans that precession ocgur
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in the CCW direction when viewed frothetop, according t&q. (A11). Figuredt(iii) andSE show that
the bulk STT, , countes along the azimuthal direction. With increasing current,

increasinglyexers a braking action on the magnetization precession, ultimately causing it to stop

at

When the applied current exceeds , the azimuthal component of overcomes the azimuthal
component of |, and precession commences again, only indhe oppositeCW direction when viewed
from the top (Fiﬁ(iii)).

Neither for (Figs(iii)) nor for (Fig.Ej(iii)) is the azimuthal component of the interfacial
STT, , or the damping torque, , comparable to that of the azimuthal components of and

(Fig.). This remains so even for very large current, , when the magnitude of is
substantial. This is because in case 2, the bottommost spin adjacent to the polarizer layer is oriented almost
entirely inplane(Fig. 2f), and hence ( ) is almostperfectly verticali.e, it has noappreciable
in-plane (azimuthal) component.

The half-DW-like spin configuratiorof the free layepbservedn case AFig. 2f) reflects the competition
between the interfacial and bulk STTs in displacingrtiagnetization nonuniformitwithin the free layer
in the vertical directionthe interfacial STT tends tdrive a DW into the free layer, while the bulk STT
worksto expel theDW at the bottom end of the free layer by pushirdpitznward,in the direction of the
electron flow.

A discussion of the influence of damping and otB&NO parameters o8TNO response is provided in
the Supplementarjaterial

V. CONCLUSION

We investigated the spitransferdriven oscillations of a transverse domain wall confined to an all
perpendicular spivalvestructureusing alD micromagnetienodel.The response of the 8ID under liree
operating conditions was considered: (d@se theabsence of spin polarization of the electron flow within
the free layef(i.e., in the absence of bulk S}, Tand(cass 1 and 2) in the presence of bulk STT, when
itinerant electrons flow from the polarizer toward the pinned layer (¢sand when they dw in the
opposite direction (cas®. It was found that the twistf the magnetization about the vertical axis of
precession plays a key role in the operation of the studiBDSIT was shown thate twist develops as a
necessary condition for steadtate oscillations about the vertical akiscase 0 and cage As discussed

in the Supplementarilaterial owing tothis twist, the frequency of oscillations vértually insensitive to
the damping constan of the free layem case 2 Thisinsensitivityis attributed to th@earlycomplete
balancebetweenthe interfacial and the bulk sptransfer torquesn the vertical directionDue to the
competition between these two torques in the azimuthal directiba,precessionof the freelayer
magnetizationis found toswitch from CCW to CW as the applied currémtraised beyoné certain
compensatiofpoint value.

We shoevedthe way in whichthe material and structural parameters influence the frequeribg &TNO
in thethree casesonsiderecndsuggestedhow variations in the values tifeseparameters may affect the
spectral linewidth(SupplementaryMaterial). The highly atypical dynamicalresponseof our STNO to
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current for the three casewestigatedand the different competitions that arise in each case between the
actingtorques suggest that the describedd®Tmay be foundiseful for fundamental investigations of
spintronic and magnetic phenomena at the nanostiaéenature of thenterplay betweeithe exchange,
STT, and damping torgsgeresulting inqualitatively differentSTNO characteristicgbtained for cases®
(Fig.c), suggest that introducing additional interactions, such as SOT or Dzyaloshilvskiiya
interaction (DMI), in a confined curredriven system such as the one studied here, or extemsibnmay
result in alteredmodes in which participatingtorque components cooperate producingsteadystate
precessionwhich could sensitively affecBTNO performance Moreover, he dependence ofwist on
current as observeth cass 0 and 2 (Fig.@, ¢), invites the question of how a spiral spin strucitfie
having inherent twist majnteract withthe spinpolarized current in the confines of a spin valVee
interaction between the twoay resulin thepartial unwinding or further twisting of the magnetic structure
with a concomitant change oscillationfrequency.Exploring the operation adimilar systems featuring
additional interactions coulthus revealnew possibilities for tailoring STN®@esponse to currenThe
prospect of optimizing YO responsdor reduced sensitivity to the damping constanindgatedhere,
could haveadditionalimplications for spintronigevice engineering and related technologies.

While steadystate magnetization precession about the vertical axis in qrergindicularspinvalve
structure, considered hempes not generate power output through the magnetoresistive effect, it does
produce an oscillating stray magnetic field, whiobuld be uséul for microwaveassisted magnetic
recording and for dipolar coupling betweastillators through the magnetostatic interaction. Alterations to
the allperpendicular SNIO design, such as introducing a ferpendicular anisotropy component to one

or more of the layef %% or extensions to the SID geometry, such as a transformation to a three
terminal devie® °% could be considereg@ls a means faxtracting microwave electrical signals from the
oscillator, though sutconsiderations are beyond #wpeof the present work.
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APPENDIX: Spin-chain model details field and torque calculations

The exchange field within the 1D spihain model (Eq(1)), is given by

(A1
where is the exchange stiffness constant. The thickness  denotes the portion of the
length of the free layer occupied by each spin, i.e., , Where is the freelayer thickness and is

the number of spins discretizing the fteger magnetization. A numbering convention is adopted such that
the freelayer spin adjacent to the polarizer is regarded as the first spin in the chaiy, (vhile the free
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layer spin adjacent to the pinned layer is regarded as the last spin J. We account for the discontinuity
of the free layer at the top and bottom interfaces via the imposition

The interlayeexchange field is due to the ferromagnetic interlayer coupling between the free layer and the
pinned layer. This field is exerted only at the boundary, specifically, upon the topmelstyBrespin (
), adjacent to the pinned lay&he expression for the interlayer exchange field is

(A2)
where is the Kronecker delta function, is the interlayer exchangmupling energy
density, and is the unit direction vector of the pinné/er magnetization.

The uniaxial magnetocrystalline anisotropydiébr the " spin is expressed as
) (A3)
where and represent the frelayer magnetocrystallinanisotropy energy density and the
unit vector in the direction of the associated easy axis.
The interfacial STT, appearing in Ed) as , Is modeled by:
(A4

Like the interlayer exchange interaction, the interfacial STT is a boundary effect, directly influencing only
the first spin in the chain (), hence the appearance of the Kronecker delta functian the expression
above. Constants and DUH WKH UHGXFHG 30DQNfVY FRQVWDQW DQG WKH HOHPHQWDU\ H

charge. The electric current density is given by , while  denotes the unit direction vector of
the magnetization of the polarizer. The angular dependence of the STT efficiency is specified by

(A5)

Here, , , ,and are devicedependent constants [ref., Xiao et al., 2005] and .In

words, is the angle between the directions of the first spin in the chain and the adjacent polarizer
magnetization.

The bulk STT contribution to the dynamics of the 1D chain of spins, appearing () Hg.expressed as

, (AB)
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where and are indicator switch functions,

converting the finitedifference expressions in the parentheses above to forward differences for
central differences for , and backward differences for . The velocity parameter

, appearing in EqA6), is given by

, (A7)

with and being the electron-tactor (taken as negative) and the Bohr magneton.
The nonadiabaticity factor, accounting for the mistracking between carrier spins and the nonuniform
magnetic moment of the free layer, is denoted by

Thenet freelayer magnetic moment is obtained from
) (A8)
with being the volume of the free layer. The net torque acting on the net magnetic
moment  , in the absence of magnetostatic and magnetocrystalline anisotropy fields is
, (A9)
where is the net interfacial STT, is the net interlayer exchange torque, and is the net

damping torque. According to the principle of actreaction, the net torque due to the bulk exchange
interaction is zero, i.e., the chain of coupled spins cannot exert a net torque upon itself. Consequently,
() does not appear in EGA9). By simplifying the vector product in E¢A4) for the interfacial STT,

we obtain a simplified expression for

(A10)

where . In the equation above,
is the unit vector in the polar direction, and is the unit vector in the azimuthal

direction, given here in Cartesian form, with and representing the polar and azimuthal directions of
the first spin in the chain with respect to the coordinate systown in Figld.

The interlayer exchange torque exerted on thelfrger magnetic moment, according to E42), is

(A11)
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where is the area of the cross section of the free layer, ,
and a vertical magnetization of the pinned layer is assumed, i.e., . In cases 0 and 1 (Fig.

la,b, we have that , while in case 2 (Fidlc), we have

Finally, the net damping torque on the free layer, according to the second term on tharrgkide of
Eq.(2), is

(A12)

In expressing EqA12), we have made use of the knowledge that, due to symmetry, and as observed in
simulations, the precession of the chain of spins is occurring at steidyabout the vertical magnetization
diredion of the pinned layer. Therefore,

: (A13)
where for precession in the  direction (counteclockwise (CCW) when viewed from the top),
and for precession the (CW) direction. From Eqg.(A13) it follows that

, as expressed in EGA12). The occurrence of the oscillation frequency

in Eq.(A12) for is expected, as damping is of the viscous type.
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Supplementary Material

In the following supplementary sections, we elaborate further on the interplay between different interactions
and illustrate the effects of the damping constant, spin polarization efficiencjayesdength, and other
material and structural properties the oscillation frequency of the studied STO in the three cases of
interest (Figla-c).

Case 0: additional characteristics

To gain further insight into the response of the STO in case 0, we consider the DW positipas a

function of the applied current, and examine the influesfamaterial and structurgarameters on STO
frequency.

Figure shows that the DW in the free layer is located closest to the pinned layer when a particular value
of current is eached resulting in maximum net torque, (Fig.), and neamaximum absolute

frequency, (Fig.Erreur ! Source du renvoi introuvablea). As ca be expected, when a DW is closest

to the pinned layer, the angle between the topmost spin in thayerechain and the pinnddyer magnetic
moment reaches a maximum value, resulting in a large interlayer exchange torque and, consequently, more
rapidoscillations.

Figure 4: Domain wall position as a function of applied current in case 0. As the current is initially increased,
the DW introduced into the free layer by the action of the interfacial STT climbs increasingly toward-the free
layer/pinnedlayer interface. Maximum fregency of magnetization oscillations is reached at a current value
for which the DW is approximately closest to this interface (Eigeur ! Source du renvoi introuvablea,b-

iv), since the interlayer exchange torque which generates precessionfiefetii@yer moment is then at its
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highest value. For current increases beyond the maxifregmency mark, the DW moves gradually
downward, ultimately settling near the midpoint of the free layer in the limit  (figure inset).

The initial climb of the DW toward the pinned layer with increasing current, and its subsequent retraction
upon further current increase, as observed in Eigeur ! Source du renvoi introuvabled ard is not

due directly to the effect of the interfacial STT, since in case 0 the STT acts only interfacially, and not
throughout thebulk of the free layer. The observed Bd$placement behavior is instead related to the
aforementioned couplinigetwea the polar and azimuthal degrees of freedom of the spin chain. It is due to
this coupling and the problespecific boundary conditionft the twist of the spin chain continuously

increases with increasing current, even when the oscillation absolute frequertmycomes negatively
correlated with , in the high current regime.

Figure 2: Frequency of precession as a function of-feger damping constant for a given applied electric

current in casé.
Figureﬂshows that for a greater fréByer damping constant the frequency of oscillations for a given
current value is reduced. This is expected, as the damping torque,, acting upon each spin along the

direction, tends to bring about greater uniformity of fanning of the spin chai@{m. We, therefore,
expect more even fanning for a larger damping constart a given applied current. Since nonuniform
fanning of the spins gives rise to the azimuthal component of the bulk exchange torqueyhich

generates precession of each interior spin, we conclude that the precessional frexuegatively
correlated with , as confirmed by simulations (Fiﬂ.

In Fig. ﬂ we see that reducing the frizgyer saturation magnetization, , results in a higher rate of
magnetization oscillations. More exactly, for a given current we observe that the oscillation frequency is
inversely proportional to the saturation magnetization, i.e., . This dependence is expected

considering that the precessional inertia of the free layer is equal teglenacomponent of its magnetic

moment, , and . Furthermore, since the DW length, ,
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factors into therecessional inertia , we conclude that for a given net torque , the precessiois faster
for a more confined DW.

Figure 8: Frequency of precession as a function of -feger saturation magnetization for a given applied
electric current in case 0, showing a reciprocal relationship.

As the images of spin configurations for different current values in Fig. 2d show, uaedmstitn of the
spin-polarized current, a DW develops in the free layer. The precession of the DW magnetic moment is
generated by the interlayer exchange torque, , as Fig@a shows. The maximum
interlayer exchange torque that the pinned layer can exert on tHayezenagnetic moment, therefore, is

. Since longer free layers generally have more magnetic moment owing to an

increased volume, it is expected that for a given applied current oscillaties®wer inlongerlayers.
Figureﬂillustrates the highly sensitive oscillation dependence onléygr length, indicating that

Figure Sk Frequency of precession as a function offeger length for a given applied electric current in
case0.
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Based on the torque analysis for an arbitrary interior spin summarized@ﬁ)ginqus.(l) and(Al),
we can conclude that the frequency igéirly proportional to the frelayer bulk exchange stiffness,

If, for example, during steaestate precession  would suddenly double, the azimuthal component of
the bulk exchange torque, , would consequently double, generating twice as fast precession. Due to
the double increase in the rate of precession about the vertical axis, the damping torque, ,

would necessarily double as well. Still, is perfectly compensated by the polar component of the bulk
exchange torque, , which, being proportional to , would also double. Hence, the spin chadaes

not chane its profile, only its rate of precession would have doubled. Fi@ehows the expected linear
dependence of oscillation frequency on as obtained by simulations.

Figure $: Frequency of precession as a function of-fegrer exchange stiffness for a given applied electric
current in cas@, showing a linear relationship.

Next, we consider the effect of perpendicular magnetocrystalline anisotropy on the STO characteristics.
According to Egs. (1) and (A3), the magnetocrystalline anisotropy  torque,

, acts on each spin in the azimuthal direction with a

strength proportional to , and an orientation that depends on the sign of the vertical
projection of the spin, . For a current values(g, ) for which a sufficient majority
portion of the fredayer spirs are oriented in the upward direction (Fig-i2q the overall anisotropy torque

is in the direction (since for most spins), and thus opposs the action of the interlayer

exchange torque and decrease the rate of CW precession with increasiag seen in Fiﬂ
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Figure $: Frequency of precession as a function of the perpendimdgnetocrystallin@nisotropy constant
of the free layer for a given applied electric current in case 0.

Conversely, for low current(g, ), when a sufficient majority of spins have a negative
vertical projection (Fig. 24i), the net anisotropy torque on these spins exceeds that exerted over the spins
with a positive vertical projection, and the overall anisotrapgue constructively superimposes with the

interlayer exchange torque, thus accelerating the precession with increasirtgowever, simulations

reveal that increasing also increases the threshold curreatiuired for sustained magnetization

precession to such a level that the range of currents over which most spins have a negative vertical
projection becomes close to negligible.

Figure §: Frequency of precession asuaction of the vertically applied magnetic field for a given applied
electric current in case 0.

While an externally applied magnetic field is not required for sustained oscillations of the considered STO
its effect on the precessional frequency is ténest, nonetheless. We limit our considerations to a vertical

applied field, . Figure showsthat the frequency of oscillations is linearly dependent on
. When the field is applied in the direction of the pintaer magnetization ( ), the frequency
of oscillations increases, since the interlayer exchange field and the applied field act in the same direction,
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hence the torque from the applied field assists the interlayer exchange torque in the generation of
magnetization preceis®. On the contrary, when the external field is applied counter to the pinned layer
magnetization, their respective torques compete, and the frequency of oscillations is reduced.

Case 1: additional characteristics

Figureﬂshows the inverse square dependence of frequency on the damping constant,iwvbaseis

in agreement with the derivations by Franchin, et aluftca-high-frequency oscillations, a free layer with

a muchreduced damping constant would be desirable. The strong dependence of frequensyggests

that variations of the damping constant within the free layer due to cdiopakviariations, impurities, or
temperature fluctuations, as may occur in actual systems in operation, would be a possible source of
oscillation decoherence that would contribute to spelitralvidth broadening.

Figure 8: Frequency of precession as a function of feer damping constant for a given applied electric
current in casé.

Figureﬂshows that thescillation frequency is sensitively dependent on thelfrger thicknes¥. The

shorter the free layer is, the more compressed against the pinned layer the DW will be, which leads to an
increased precessigenerating interlayer exchange torque. A shorter free layer, moreover, implies a
reduced net magnetic momentdahence more rapid oscillations for the same torque magnitude. For a
given applied current, however, there exists a minimum-lénger length under which steadyate
oscillations are not sustainable. For the STO described here, precessions do ntinfeesitdyer lengths

less than
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Figure 9: Frequency of precession as a function of-feger length for a given applied electric current in case

Figure @shows that the oscillation frequency in cdsis not proportional to the frdayer exchange
stiffness, , as in casé@ (Fig. ﬂ This is because the compensation of torques at each interior spin in

the two cases are different; in c&se (Fig.E*a(i)), whereas in case

(Fig.(i)). The frequency in cask as a result, has a nonlinear dependence on As the exchange
stiffness increases, the DW expands to reduce magnetization nonuniftwenite, the isplane component

of the magnetic moment (precessional inertia) increases, which contributes to the slowing down of
oscillations.

Figure 9.0: Frequency of precession as a function of-feger exchange stiffnessr a given applied electric
current in casé, showing a reciprocal relationship.

Simulations show that with an increase in perpendicular magnetocrystalline anisotropy of the free layer,
the rate of oscillations increases (R@. The effect of the perpendicular magnetocrystalline anisotropy

in case? is to reduce the width of the DW, whereby the precessional inertia decreases and the rate of
oscillations increases.
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Figure 91: Frequency of precession as a function of-feger perpendiculamagnetocrystallin@nisotropy
constant for a given applied electric current in case

While reducing the length and/dret exchange stiffness of the free layer, and/or increasing its perpendicular
magnetocrystalline anisotropy, may result in large increases in oscillation rate, which is appealing from a
high-frequency applications perspective, it may also result in inaleasasitivity of oscillations to
disturbances coming from thermal agitation of the free layer magnetization and electronic noise. This is
because optimization for ulttdgh frequency operation in casemplies a reduced oscillating component

of the freelayer magnetic moment (narrower DW), with an implied greater susceptibility to phase
decoherence ém stochastic effects.

Case 2: additional characteristics

In case2, where the vertical components of the interfacial and the bulk STT compensatetreach
dissipation, interestingly, does not affect STO response appreciably, as illustrated @ighe
oscillation frequency is seen to be neanigependent of the damping constant The weak dependence

on suggests increased coherence of oscillations, as variations in the damping constant due to
compositional inhomogeneities, impurities, defects, and thefigidlIfluctuations are anticipated to factor

much less in spectral linewidth broadening. Such aensitivity to damping implies that a much broader
selection of ferromagnetic nanomaterials could be considered for STO implementation, including high
materials, provided that the spin polarization of the electron flow is retained.
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Figure 92 Frequency of precession as a function of-feger damping constant for a given applied electric
current in cas@.

Figureshows that the oscillation frequency is, in c2seversely proportional to the square of the
freelayer thickness, similarly as in ca@eandcasel. Effective variations in fre@yer lengh caused by

local defects in fabricated devices are, consequently, expected to broaden more significantly spectral
linewidths of STOs having shorter free layers in the three cases considered.

Figure 3: Frequency of precession as a function of 4eseer length for a given applied electric current in
case2, showing an inverse square dependence.

Figure @ shows how the frelayer perpendiculamagnetocrystallin@nisotropy energy density
influences the frequenesurrent dependence. Since in case 2, for the considered STO specification, all
spins have a positive or nezgro vertical component (FiEI:(ii)), it means that the perpendicular
magnetocrystallin@anisotropy field, given byeq. (A3), has the same upward direction for each spin.
Consequently, the resulting perpendicuizagnetocrystallin@nisotropy torque assish rotating the spin

chain in the CCW direction. As Fi@illustrates, increasing results in an expansion of the range of
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currents over which CCW precession () occurs. Figuré@) shows the frequency dependence on

for two different current values.

Figure 94: (a) Frequencgurrent characteristics for several illustrative values of perpendicular
magnetocrystallin@nisotropy energy density of the free layer in case (b) Precessional frequency as a

function of  for two different applied current amplitudes.

By modulating the strength of the spin polarization of the applied electric current within the free

magnetic layer through materials selection and fabrication techniques, the frequeecy characteristics

can be modified. Figur@ shows the  characteristics for three values of the spin polarization. For
the characteristic obtained is equivalent to that of €adég. 2a). As we increase , the bulk

STT tends to increasingly translate the DW toward the polarizer layer, which prompts a competition

between the azimuthal componentstod bulk STT and the interfacial STT, which for a given value of

applied current results in a static equilibrium of the spin chain, i.e., no precession), The greater the

spin polarization  within the free layer, the lower is the current for which compensation is achieved.

Figure@) illustrates how the frequency of precession varies with the spin polarization for two different

current values. The relative modulation of the strengths of the bulk and interfacial ST G tmalulation

of the spin polarization, or equivalently, through the modulation of the magnetoresistance associated with

the polarizer/spacer/frdayer stack, represents an additional means of optimization of STO characteristics.
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Figure 5. (a) Frequencgurrent characteristics for several illustrative values of spin polarizatioof
electric current within the free layer in casgb) Precessional frequency as a function ofor two different
applied current amplitudes.
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