N
N

N

HAL

open science

Spin-current vortices in current-perpendicular-to-plane

nanoconstricted spin valves

N. Strelkov, A. Vedyayev, N. Ryzhanova, D. Gusakova, L. D. Buda-Prejbeanu,

M. Chshiev, S. Amara, N. de Mestier, C. Baraduc, B. Dieny

» To cite this version:

N. Strelkov, A. Vedyayev, N. Ryzhanova, D. Gusakova, L. D. Buda-Prejbeanu, et al.. Spin-current
vortices in current-perpendicular-to-plane nanoconstricted spin valves. Physical Review B: Condensed
Matter and Materials Physics (1998-2015), 2011, 84 (2), pp.024416.

cea-00853164

HAL Id: cea-00853164
https://cea.hal.science/cea-00853164
Submitted on 26 Sep 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

10.1103/PhysRevB.84.024416 .


https://cea.hal.science/cea-00853164
https://hal.archives-ouvertes.fr

Spin-current vorticesin current-per pendicular-to-plane

nanoconstricted spin-valves

N. Strelko}? A. Vedyayev? N. Ryzhanov&? D. Gusakov&® L. D. Buda-PrejbeartuM.

ChshieV, S. Amard, N. de Mestiet, C. Baradut, B. Dieny

1SPINTEC, UMR CEA/CNRSUJF-Grenoblel/Grenoble-INP, INAC, 38054 Grenoble, France

2Lomonosov University, Faculty of Physics, Department of Magnetism, Moscow, Russia

ABSTRACT

The charge and spin diffusion equations taking agcount spin-flip and spin-transfer torque
were numerically solved using a finite element rodtin complex non-collinear geometry
with strongly inhomogeneous current flow. As arustration, spin-dependent transport
through a non-magnetic nanoconstriction separdthtgmagnetic layers was investigated.
Unexpected results such as vortices of spin-cusranthe vicinity of the nanoconstriction

were obtained. The angular variations of magneisteesxce and spin-transfer torque are

strongly influenced by the structure geometry.
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Since the discovery of Giant Magnetoresistance (GNR1988, the field of spin
electronics has steadily expanded, stimulated iy hi;mdamental breakthrough discoveries
(tunnel magnetoresistance (TMR) at room temperaturspin transfer torqdé (STT),
voltage controlled magnetic devi€esand a strong synergy between basic research and
industrial developments (magnetoresistive headshéod disk drives Magnetic Random
Access Memories (MRAM) logic deviced RF oscillator¥). Several theories were proposed
to explain the essence of the observed spintronenpmena. The GMR was explained in
terms of interplay of spin-dependent scatteringnphgena taking place at the interfaces
and/or in the bulk of neighboring magnetic layers. In particular the concept of spin
accumulation and spin diffusion length were sudodlgsntroduced to describe the diffusive
transport in current-perpendicular-to-plane (CPPegtaltic multilayers. These concepts
initially developed in collinear magnetic geoméfrijave been subsequently generalized to
non-collinear casé’® At the same time TMR was first explained by siengjuantum
mechanical tunneling of spin-polarized electfdn$ Later on, another mechanism of spin-
filtering through crystalline tunnel barrier wasoposed based on the symmetry of the
electron wave-functions in the magnetic electraates barriel”. Finally STT was predicted to
result from exchange interaction between spin pddr conduction electrons and those
responsible for the local magnetizafidnHowever, all these theoretical models have been
applied so far only for very simple geometries whtbmogeneous current flow. In contrast,
most spintronic devices under research or develaprsach as point contaés’ low
resistance tunnel junctioffsor GMR CPP magnetoresistive headsth current crowding
effects, and current confined path (CCP) structdfémvolve inhomogeneous current flows.

The purpose of the present numerical study waswestigate the peculiar effects
which may arise in spin-dependent transport whendarge current flow is highly non-

uniform for geometrical reasons. To illustrate thant, we focused this study on the case of



nanoconstricted spin-valves, i.e. structures forwietilvo extended magnetic layers separated
by a non-magnetic nanoconstriction. Using a fidtement solver, we fully calculated the
spatial dependence of the spin accumulation veck@rge current vector, spin current tensor,
in-plane and perpendicular components of the gpimster torque as a function of the angle
between the magnetizations of the two layers. Tdtisdy illustrates that unexpected
phenomena such as vortices of spin current mayaa@sea result of the system geometry and
associated current non-uniformity. These phenomerzan strongly influence the
magnetization dynamics and must be properly takém account when designing spintronic
devices.

The formalism that we used was proposed by Ztehaf*and is based on a generalization
of Valet and Fert theot§ in the diffusive limit. Each material constitutirtge system of
arbitrary shape and composition is described bgllransport parameter€d—-conductivity,
[S-spin asymmetry o€y, Do-diffusion constant related ©, via Einstein relatiol¥, #'-spin
asymmetry oDy, No-density of state at Fermi level).

For this study, we assume@=/£. Furthermore, we only took into account bulk spin-
dependent scattering. In the present approachfantal scattering could also be introduced
by describing each interface as a thin layer hawuallx properties matching the interfacial
spin-dependent scattering propertféa Taking into account interfacial scattering wouniot
change the qualitative description of the phenonpeasented in this paper.

All transport properties are then described bychlwariables: the scalar electrostatic

potential # and the 3 components of spin accumulation in spats(m,,m,,m,). The local

charge current vector is then given by:

je:ZCODﬁ—ze’ilco (u,, (Tm) (1),
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and the spin current is described by a tensor @itlmordinates for both spin and real space
as:
m_ 2h 2C
=25, 00F) -2 om @),
e eN,
where u,, and e represent a unit vector parallel to the local nedigation and electron

charge, and yare Planck constant and Bohr magneton.
The 4 variables are then calculated in steady stateywhere in space by solving the set of
fundamental equations of spin-dependent diffusiaegport:

divic =0 (€)

divjm+‘]73d(m><uM)+£=0 4
sf

where J, and 7, represents-d exchange interaction constant and spin relaxatiome,

respectively. Eq. (3) expresses the conservatiochafge while Eq. (4) states that the spin

polarization of the current is not conserved. i #ary either due to spin relaxation or local

. . J .
spin-transfer torque given by :%(m xUu,,). The constanfy and timery are related to

spin-reorientation lengthd, =,/2aD,/J_, and spin-diffusion lengthl, =,/(1- 8%)2D,r, ,

respectively’.

Using this formalism, the spin-dependent transp@s investigated in the two dimensional
nanoconstricted spin-valve represented in Figt domsists of two 3nm thick magnetic layers
(M1,M,) separated by a non-magnetic metallic nanocotistniof 2nm thick and variable
diameter. The nanoconstriction acts as a hon-mege@tducting pinhole connecting the two
magnetic metallic electrodes across an insulatpacer. This central magnetic system is
sandwiched between two 400nm thick non-magneti@aiineelectrodes. We assume that the
relative orientation of the magnetizations in the magnetic layers can be varied in the plane

perpendicular tax—axis. Voltage ofg,_ =ov(4,, =50mv) is uniformly applied on the left



(right) surface of the left (right) electrode, respvely. At these boundaries current flow is
perpendicular to the surface whereas it is tantgetite other edges.

Using a finite element technique, we solved theéesysof equations-#4 and obtained the
spatial distribution of the spin accumulation amdrge current vectors, spin current tensor,
in-plane and perpendicular components of the gpimster torque as a function of the angle
between the magnetizations of the two layers.

We used the following bulk parameters to represle@tvarious materials of the systém
Co=0.00%2 ' nm?, =0.6, 1s=20nm, A;=1nm, Do=1.7-10"nn¥/s for magnetic layers and
Co=0.022'nm™, 14=50nm,Dy=6.910"°nn¥/s for outer electrodes and nanoconstriction. These
bulk parameters are representative for Co and €pectivels”. The density of states value
No corresponds to the Fermi level of Co close to Ag@hMder these assumptions, the resistance
of the stack with continuous Cu spacer per 1nmegtld in parallel (antiparallel) magnetic
configuration isRp=209X2 (Rap=21(02), yielding a magnetoresistance rafifa{-Rp)/Rp=0.5%.

Fig.2 shows the charge current (arrows) and elstttic potential distribution (color map)
throughout the structure in antiparallel magnetimfiguration. As expected, the current
converges towards the constriction and divergesnaftrds, the voltage gradient being
maximum within the constriction. It is interestirig note at this point that due to the
convergence (divergence) of the current towardsayafsom) the constriction, a significant
in-plane component of the charge current existeiwithe magnetic layers.

In Fig. 3 we present the spin current distributadnthe component parallel to theaxis
(arrows), i.e. parallel to the magnetization of teéerence layer (the layer on the left of the
constriction), and the corresponding spin accunaniatomponent (color map). Figs. 3(a)-(c)
respectively correspond to parallel, perpendicidad antiparallel configurations of the

magnetizations of the two ferromagnetic layers.



In parallel configuration (Fig.3(a)), the spatiaktdbution of they-component of spin
current looks very similar to the charge currerstribution (Fig.2). Its amplitude gradually
increases towards the constriction due to the as@®f both current polarization (over length
scalel¢) and charge current density. A symmetric decremseirs on the other side of the
constriction. In this symmetric structure, the spotumulation is zero in the middle of the
constriction. On the left side of the constrictidhere is an excess of spins antiparallel to
magnetization (due to spin accumulation at therfate between the left electrode and
reference layer) and an excess of spins parallelagnetization on the right side.

At 90° orientation (Fig.3(b)), thg-=component of spin current drops rapidly to zereewh
the electrons penetrate into the right magnetierayhis is due to a reorientation of the

electron polarization which takes place over thgle scalel; (~1nm) much shorter thdg

(~50nm). This explains why the gradientyaomponent of spin current is much steeper on
the right than on the left of the constriction.

The situation of antiparallel alignment (Fig.3(a¥) particularly interesting because it
unexpectedly reveals the formation of spin currentices on both sides of the constriction.
This vorticity can be understood according to thkofving picture. As it was pointed out
previously, due to the convergence (divergencehefcharge current towards (away from)
the constriction, a significant component of thereat flows in the plane perpendicularxo
axis within the magnetic layers on both sides @f ¢onstriction and acquires a quite large
spin polarization. Thus positive spins (pointedpiositive y-direction) travels towards the
constriction on the left side in the plane perpeuldir tox-axis and negative spins flows away
from constriction on the right side in the planepgesdicular tox-axis. The latter is also
equivalent to the convergence of positive spinsarol constriction on the right side. As a
result, a large flow of electrons with spins aligna positive y-direction converges towards

the constriction from both sides, yielding a ventense spin accumulation within the



constriction. Then, due to the fact that spin aagiation is very large inside the constriction
and rapidly vanishes away from it, additional dgieg flow of positive spins away from the
constriction appears on both sides alongxis. The combination of the converging spin
current flowing perpendicular tw-axis with the diverging spin current flowing alorexis
gives raise to spin current vortices on both safethe constriction. These vortices are better
visualized in the inset of Fig.3(c) where greomponent of spin current lines are plotted with
uniform density.

We also computed the dependence of the CPP resst@iP-R@)) of the structure as a
function of angled between the magnetizations of ferromagnetic lafféigs4). Two cases are
compared: the CPP-BY in presence of a constriction of 5nm diameter amthout
constriction (i.e. the constriction is replacedaygontinuous Cu spacer). The presence of the
constriction clearly affects the shape of the CRB-Rariation. Interestingly both variations
can be very well fitted with the expression progbbg Slonczewski in the frame of transport

model combining ballistic and diffusive featufésr = (L1—cos’ 8 /2)(L+ ycos 8/2)™*, where
r is the reduced resistance defined by (R(8) — R(0))(R(77) - R(0))™". Thex values in the

above expression, however, are quite differenhentvo situations being equal 156.86 and
4.24 for the continuous spacer and nanoconstricticspaetively. This result points out that
the device geometry can strongly impact the angutaration of CPP-GMR, an effect
certainly important to take into account in theige®f CPP-GMR devices, particularly GMR
heads for hard disk drives.

As a further step, we calculated the STT exertethbyspin polarized current on the right
magnetic layer as a function of the angle betwédmntivo magnetizations (Fig.5). In the
general case, STT has two components: a compomenthe plane formed by the
magnetizations of the two magnetic layers (sometimalled Slonczewski’s tefinand a

component perpendicular to it (also called fiellternt®). In metallic CPP spin-valves, it is



generally argued that the field-like term is wealkaaresult of averaging over all incidences of
conduction electrons penetrating in the ferromagrayer™ In contrast, in magnetic tunnel
junctions, the perpendicular torque amplitude apresent up to 30% of the in-plane torque
value as a result of the strong decrease of trassom probability through the tunnel barrier
when the incident electron momentum departs freemttrmal to the barriét

Fig.5 (a) and (b) show the angular variation @& tWwo components of STT integrated
over the whole volume of the free layer assumingoua diameter of the constriction (2nm,
5nm or continuous spacer). Our results confirm thatthis diffusive approach, the
perpendicular component of STT is two orders of mtage lower than the in-plane torque. It
is interesting to note that the shape of the amgi@aation of STT is quite similar for the two
components. Actually, these shapes can also be wetly described by the expression

proposed by Slonczewski for the reduced tofque
r(0) =sind(Acos (8/2) + N'sin’(@/2))™ both for the in-plane and perpendicular
components. However, as for the angular variatioB MR, theA fitting parameter strongly
depends on the constriction diamet&rréspectively equals to 1.75, 2.19, 4.09 for 2nmm5
and continuous spacer). Note that the equflity = x +1 is verified quite well for the case

of laterally homogenous electron current, i.e hia tase of the continuous spacer. It should be
emphasized that the formula for reduced torque otdained in the case of “standard” (or
“symmetric”) metallic structure where both magndtigers have close physical parameters
(for example, Co/Cu/Co type structures). This sodhe case in our numerical study. We find
that the agreement of our calculations with Slonst@&s formula is quite reasonable in this
case. The diffusive scatterifigdoes not modify the form of Slonczewski expresdio is
indirectly hidden in the/A parameter. In the case of strongly asymmetricctiras ( for
example so-called “wavy” structur@s one should rather use more general expression for

reduced torque proposed in Ref.30.



Fig.5(c) shows a map of the in-plane STT amplittaded0° magnetic orientation in the case
of a constriction of 10nm diameter. Clearly, theTS§ most important in the immediate
vicinity of the constriction where the current diénss the largest. Actually the gradient of
STT is quite large since the charge current demsibps very quickly around the edges of the
constriction. That points out that new length ssatety emerge in these confined geometries
due to a balance between spin torque gradient andaege stiffness. In micromagnetic
simulations, traditionally only two length scales aonsidered: the Bloch wall width (balance
between anisotropy and exchange stiffness) and aexeh length (balance between
magnetostatic energy and exchange stiffness). likety that additional length scales will
have to be considered in structures wherein strmurgent gradients are imposed by the
system geometry. Such new length scales imposdtebgystem geometry has already been
introduced for instance in the context of domain llsvaconfined in magnetic
nanoconstrictior’s.

In conclusion, a finite element numerical approaes been developed to compute the
charge and spin current in magnetic structurestofrary shape and composition. The case of
2D nanoconstricted symmetric spin-valves was tcea® an illustration. Charge and spin
current clearly behave very differently as dematstt for instance by the formation of spin
current vortices. The approach can be straightfatlyaextended at three dimension and
taking into account interfacial scattering. Thipdyof approach could be helpful in the design
of functional spintronic devices as well as for thentitative interpretation of experimental
data in devices with non uniform or non-local catsesuch as lateral spin-valvés
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FIGURES CAPTIONS

FIG. 1. (color online) Model system used for theité element calculation of CPP spin
transport through a nanoconstricted spin-valve. mie&llic pinhole (PH) connecting the two
ferromagnetic layers is 2 nm thick and of variablameter. Note, that in the case of 2D
model all quantities are calculated per 1nm deplius the cross-section surface of the stack
with continuous Cu spacer is 100nmx1nm and themelwf the free magnetic layer is

3nmx100nmx1nm.

FIG. 2. (color online) Zoom around the nanoconstic showing the charge current flow
(arrows) through the constriction and electrostptitential (color mapping) corresponding to

the antiparallel state.

FIG. 3. (color online) Zoom around the nanoconstit y-component of spin current (black
arrows) andy-component of spin accumulation (color mapping) fihree magnetic

configurations: (a) parallel, (b) 90°, (c) antigbet In Fig.3(c), the white arrows remind the
charge flow and the grey closed arrows indicatefdhnmation of spin current vortices which

are better evidenced in the inset.

FIG. 4. Angular variation of the CPP reduced resisé for the constriction of 5 nm diameter

and continuous spacer. The dots are the calculaties and the lines are fits according to

Slonczewski’'s expression (see text).

FIG. 5. (color online) (a) In-plane and (b) perpieathr components of averaged spin-transfer

torque over the whole volume of the “free” (rigihtpgnetic layer as a function of the angle

12



between the magnetizations. (c) Mapping of the aogs of the in-plane torque for 90°

magnetic configuration in the presence of nanocmtisin with 10 nm diameter.
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