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Magnetic modulation of inver se Spin Hall Effect in lateral spin-valves
T. AndrianoV, A. VedyaeV¥? and B. Dieny

'Department of Physics, Moscow Lomonosov Sate University, Moscow, 119991, Russia

2Univ. Grenoble-Alpes, CEA-INAC, CNRS, SPINTEC, 38000 Grenoble, France

ABSTRACT

We analytically investigated the spin-dependentgpart properties in a lateral spin-valve device
comprising pinned ferromagnetic electrodes allowmopject a spin current in a spin conducting ctedn
where spin orbit scattering takes place. This pceduan Inverse Spin Hall voltage (ISHE) across the
thickness of the spin conducting channel. It isghthat by adding an extra soft ferromagnetic edetet
with rotatable magnetization along the spin conidgcthannel, the ISHE generated voltage can be
magnetically modulated by changing the magnetinabdentation of this additional electrode. The
dependence of the ISHE voltage on the directiomafinetization of the ferromagnetic electrode with
rotatable magnetization was calculated in variaugigurations. Our results suggest that such sirast
could be considered as magnetic field sensorstuatgins where the total thickness of the sensor is
constrained such as in hard disk drive readers.

Keywords: Spintronics, spin-orbitronics, Laterainspalves, Spin Hall Effect, magnetic field sensors



I ntroduction :

Generation, control and detection of spin-polatizeirrent in magnetic nanostructures are key
elements for the development of spintronic deviBeszices of particular interest for the manipulatod
pure spin currents are the lateral spin-vat@s In these multi-terminal devices, a strong gratad spin
accumulation is generated in a part of the cifoyiflowing a charge current between magnetic ebelets.
The gradient of spin accumulation then generatesffasive spin current, which can propagate in
directions where no charge current flows, in patéicalong spin conducting channels. Since the spin
a non-conservative quantity in contrast to the ghathe spin current spatially decays on a lenggifes
characterized by the spin diffusion length. Pura spirrent source can then be made to study various
spintronics phenomena. Among them, the absorpfispio current yields spin transfer phenomena which
can be used to switch the magnetization of magmetiostructuré$'? or excite spin-wavés or steady
magnetic oscillatiortd. If spin orbit scattering takes place along thi@ €onducting channel, an Inverse
Spin Hall Effect (ISHE) takes place yielding thesehof a voltage across the thickness of the spin
conducting channgl Since the spin current is given by the gradiénsmn accumulation, the output
signals of these lateral spin-valve devices ar¢hallmore important that the spin accumulatiorifiise
maximized at its source. To that respect, it wasamshthat the introduction of tunnel barriers at the
interface between the magnetic electrodes andpgimecenducting channel allows optimizing the spin
current injection by preventing the back diffusiminthe spin accumulation into the electrode'$ As a
result, part of the spin relaxation is thus supggdsesulting in an enhancement of the spin sig\ral.
additional enhancement can be obtained by latecalhfining the spin conducting channel to further

reduce the spin relaxation in useless parts ofia@nel.

In this theoretical paper, we analytically inveat the spin transport properties in lateral sgilve
structures in which spin-orbit scattering occurgha spin conducting channel. As in spin orbit terq
MRAM1, the spin orbit interaction in the conducting amanyields a gradual separation between spin-
up and spin-down current as electrons diffuse atbagpin conducting channel. Since these two ntsre
do not have the same amplitude, this results ierpgmdicular charge current producing an Inverse Sp
Hall®1°20yoltage across the thickness of the spin conductiagnel. Alternatively, instead of measuring
the ISHE voltage across the thickness of the spiecting channel, the ISHE voltage can be measured

between two top contacts located at the ends ofsfiie conducting channel designed to extend



transversally to the charge current channel andhstmically with respect to the point where the spin
accumulation is initially generated between thedieagnetic electrodés

In this paper, another type of lateral spin-valeide is investigated as potential magnetic fiedser,

in which an additional soft magnetic electrodensdduced at the end of the spin conducting channel
This additional electrode acts as the sense ldydreosensor. The advantage of such sensor i®its v
reduced thickness at the location of the sense alyeh can be quite advantageous in applicatiomeres
this thickness is strongly constrained, in parfacuh readers of hard disk drives. In the invesédalevice,
the whole spin accumulation landscape in the spindacting channel is influenced by the orientatbn
the magnetization of this additional sense eleetnwidh respect to the pinned electrodes constijiitie
spin current source. As a result, the ISHE voltege be modulated depending on the orientationef th
magnetization of this additional ferromagnetic &lede. We calculated the amplitude and angular

variation of this signal and discuss its possilde as readers in hard disk drives.

Theor etical moded :

The theoretical system under investigation is dedi Figure 1. A strong spin accumulation is gatesl

at a first end of a spin conducting channel (lazke2 and 4 in Fig.1) by flowing a charge curreriivaen
two oppositely magnetized electrodes of pinned raagation (labelled 1 and 3) sandwiching the first
end of the spin conducting channel. This geometmglatively similar to the one used for spin cotre
injection in Ref 8 and 9, except for the contaaaasince for analytical calculation purpose, we are
assuming that the spin ferromagnetic injectorsd.3aare in contact side to side with the spin catidg
channel 2 instead of being on top of each othan #se experiments of Ref 8 and 9. Spin orbit scaty

is then assumed to take place in the conductorid Ref.9. At the second end of the spin conducting
channel, another magnetic electrode is introdudaigelled 5 in Fig.1) whose magnetization can be
rotated.

A charge current § is injected between 1 and 3 along the x-directi@hen the two ferromagnetic spin
injection electrodes are in parallel configurati@m antisymmetric profile of spin accumulation is
generated in 2 with zero average value yieldingva $pin current in the spin conducting channein4. |
contrast, as in Ref 8 or 9, when the two ferrom#gng&pin injecting electrodes are in antiparallel
configuration, a large spin accumulation with syrnmeprofile is generated in 2. The spin current
generated by the gradient of spin accumulatiorugd$ in conductor 4 along the z-direction. Duepin s

orbit scattering in channel 4, spin-up and spin“d@wrrents are separated along the y-directiohaioa
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voltage appears across the spin conduction chanimethe y-direction due to ISHE. In presence @& th
additional magnetic electrode 5, the spin accurimridandscape and resulting spin current along e
conducting channel is modified yielding a modulataf the ISHE voltage dependent on the orientation
of the soft magnetic electrode magnetization Shénpaper, we calculated the amplitude and vanaifo

this ISHE voltage as a function of the angular aéon of the magnetization in the soft magnetic
electrode 5. The dimensions of the various elemesdsl in the numerical applications of the model ar
indicated in the caption of Fig.1.

From an experimental point of view, the magnetecgbdes 1 and 3 could be made of exchange biased
IrMn/Co bilayers, 5 could be made of Permalloy &dnd 4 of Cu or Au doped with heavy metal
impurities such as Pt or Bi impuritiégat concentration of ~ 5%) to introduce spin oggittering.

FIG. 1: Theoretical model of the investigated lateral spin-valve structure.

L=100 nm, L1=400 nm, L>=200 nm.

1, 3 are the ferromagnetic electrodes with antiparallel orientation of magnetizations. 2 isthe first end of
the paramagnetic spin-conducting channel, 4 is the paramagnetic spin-conducting channel with spin
orbit scattering extending in the z direction. 5 is the soft ferromagnetic sense electrode. 6 represents the
relative angle between magnetizationsin layers 3 and 5. Je is the charge current flow along the x
direction. V4 isthe ISHE voltage measured in the y-direction.



To calculate the spatial dependence of the ISHEagelacross the paramagnetic spin-conducting channe
and its dependence on the orientation of the mamtiein of sense electrode 5, the following spin-
dependent transport equations were used in eaariafit>3

The electrical current is a vector given by:
fe = —al7<p -p % (ngradmx + M, gradm,, + Mzgradmz) — ?—VH (\7 X m),
1)
where the first and the second terms describe iboititns to the current due to the electrical fialt

diffusion. The last term describes the ISHE.

The spin current is a 3x3 tensor given by:

Jij = —op(Vi0, M) — %Vjimj — Osuéijk V9, (2
where the first term describes the spin currenttduasymmetry of conductivity for spin-up and spin-
down channels of ferromagnetic metal. The secomd tkescribes the diffusion spin current proportlona
to the gradient of spin accumulation. The last teymesponsible for the SHE due to the spin orfibeoe

in the spin conducting channel (2 and 4).

The charge conservation is expressed by:

divj, =0, 3)

whereas the spatial evolution of the spin currergaverned by spin relaxation and spin transfequer

phenomenon:
div ], = ———m — — (7 x M). (4)

evlﬁfm evlj
whereg is the electric potentiak the conductivity the parameter of spin asymmetry of conductivity,
osH the spin Hall conductivity;ﬁ a unit vector along the ferromagnet magnetizatimnthe spin
accumulation vector, consisting of 3 componentspm space/;s the spin diffusion lengthi; the
precession length andhe density of states at Fermi energy. The fashtin (4) expresses spin relaxation
and the second term is a spin-torque term. Hergheald also mention that we express charge and spin
currents in the same units (A/AmConsequently, the conductivityappears as prefactor in both terms
on the right hand side of equation (4). We mayaeotihat SHE and ISHE exist in ferromagnetic eletgro

5 as well, but as it was shown in Miao et\aBHE angle in ferromagnetic (Py) is about 0.005ctvlis
significantly smaller than SHE angle in the paransig metal (up to 0.11 in AB). So this contribution
may give some additional, but yet small contribatio the Hall voltage in the ferromagnetic layernath

will not make a significant change to the Hall agj¢ generated in the paramagnetic channel.



We may also notice that to increase the Spin ¢talductivity, it is necessary to increase the sphit
scattering. In this case, the spin Hall conductiVibearly increases with the amplitude of spinibrb
interaction, while spin-flip relaxation increasesadratically with this interaction. So spin relazat

increases more slowly than ISHE at small impurg@gaentration.

As a first step, we solved the system of equat{@ig4), considering the spin channel 4 and elee&tro
detector 5 as being one-dimensional, meaning thatn&nown quantitiesp and m are assumed to

depend only on coordinate z. In this case, equdétipreduces to:

a’m m _ (mxM)

0z2 1% 3

()

The components of spin accumulation in the paraetagapin-conducting channel 4 can then be written:

mP =de s + fels (6)
my = ge b + kels (7)
mf =ue 4 + vels (8)

Wherels is the spin-diffusion length in the paramagnetiarmel 4 andl, f, g, k, u, v are unknown
coefficients.

In the ferromagnetic sense electrode 5, the compsmé spin accumulation can be written:

z

mgl = aSe—Z (9)
my = bje 1+ bye %2 (10)
mE, = ibje 1 —ib,e %2 (11)

with A, , = Iel)/ |1} £ ilZ; , A3 = lgy , Wherel is the imaginary uniigs, by, b, are unknown

coefficients and x’, y, z' is a coordinate systeltained from X, y, z by rotation by an an§laround

the y-axis. So the x’-axis is directed along theynedization of layer 5.



Equations (6)-(11) must be complemented with boandanditions applied for spin accumulation at the

interface of layers 2/4 (z=0) and at the interfatkyers 4/5 (z=3. These continuity equations write:

d + f = mcosh (12)

g+k=0 (13)

u+v =—m2sing (14)
_z z1 _z

de s + fela = qaze %3 (15)
_z1 z1 _z1 _z1

ge 4 +kels =bje 1+ bre A (16)
_Z1 z1 _z1 _z

ue s« +vels =ibje M1 —ibye *2 a7

wherem? = % f_OL(de_E + be'2)dz represents the value of, produced by the injected current flow at

the first end of the spin-conduction channel irethe paramagnetic spacer 2 of the lateral spiveval

After calculation, we derived that? is given by:

mg == [° (et + bek)dz, (18)
~ _euwp|1 _L o1(1-B2) B _L)
a=22|1 (1 te lz) y2r) (1 e i), (19)
L L
w1, A\ a-g)( _ E
b=t (14 eh) + 2B (1 - en)| (20)
_B2 _p2)?
R = coshi—(1 £) + sinhi(2%+ﬁ—(1 f ) ) (22)
2 laly lb\o1l; o2 I3

The termsfels, kels, vels are due to reflected spin flow at the first endhef spin conducting channel 2
caused by the presence of the sense electroder Suffiziently long paramagnetic layer>ly), its
influence on the value afi§ is negligible.

Finally, this system of equations should be completed with boundary conditions expressing the

continuity of the spin current at the 4/5 interfdice. z=z):

6m§_ 2 6m,1:,
e = oFA =BT

(22)

P F
omy, aomy, (23)

0. = 0,
P 9z F 3z




amf amk,
P gz ~ F oz

(24)

whereg,, is the conductivity in paramagnetic layers 2 arahdoy the conductivity in ferromagnetic layer
5.

Solving this system of equations (6)-(20), the espions for the 3 components of spin accumulatierew

found. Finally, the expression for the ISHE voltalye in the y-direction at the location of the 4/5

interface, in case of antiparallel orientation @fgnetizations in electrodes 1 and 3 lying alongis-&vas

obtained:
Ap = Cy — Cycos26 (25)
where0 is the relative angle between magnetizationsyar&3 and 5 and
_ Al o0, T Ol
0 7 ev o, Iy mye 1+ U4ls+0514(1—ﬁ2)) (26)
_ i@i 0 —22  gyls—0slyB?
€= ev o4 ly mye ' (G4ls+asl4(1—ﬁ2)) 1)

In these equationsy is the conductivity of the ferromagnetic sensetetele 50, is the conductivity of
the spin channel 4, the Spin Hall conductivity of the spin channel4the spin diffusion length in the

ferromagnetic sense electrode 5.

Another interesting configuration corresponds ® ¢ase where the magnetization of electrodes Band
are set in antiparallel configuration along theirection i.e. parallel to the length of the spimdacting
channel while the magnetization of 5 is rotatethm (x, z) plane. The ISHE voltage is still meadusié
the 4/5 interface across the y-direction. It imtgezen by:
Ap = C,sin26 (28)

L
C, = i@imge—f( ouls—05laf? ) (29)

ev 04 l4, 0'415+O'514(1—B2)

wherem? represents the value of the spin accumulatigmproduced by the injected charge current in the
paramagnetic spacer 2 of the lateral spin-valvee Tdlue ofm? is obtained in a similar way as?

(equation (18)). The ISHE voltage then followsesvariation. Indeed, when the magnetization ie$ |



along the z-axis, the spin polarization, the magagbn of the 3 magnetic electrodes (1, 3, 5) ttuedspin
current propagation direction (z-direction correggiag to the length of the spin-conducting chanaeg)

all aligned. The ISHE voltage is then equal to z&vben the magnetization of electrode 5 is rotatedy

from the z-direction in the (X, z) plane, a misafigent is created, generating a back transverse spin
accumulation in the spin-channel which generatéSHE voltage in the y-direction. This voltage is

maximum when the magnetization of 5 is along tltkrgetion.

Results and discussion:

Going beyond the 1D transport assumption, to gebe accurate description of the spin transpomgdh

3D lateral spin-valves, we numerically solved tlystem of equations (1)-(4), using a finite element
method with COMSOL Multiphysics® software. The matipation of the pinned ferromagnetic
electrodes 1 and 3 are again assumed to lie aleng-axis. The dependence of the ISHE voltage acros
the y-direction of the spin channel as a functibr-ooordinate for three orientations of the magaion

of the ferromagnetic sense electrode 5 is shoviigr2a together with the z-profile of spin accuntigla

in the x direction (Fig.2b).

2,5x10* l ] . — 4,0x10* . . : .
; | ----0=0°=180° ' ----6=0=180°
: paramagnetllc/ _____ P e paramagnetic/ | 9=200=1200
2 0x10% ferromagnetic | ferromagnetic —BAD
’ interface La

|—0=00" 1  3,0x10*-

interface

_1,5x10* }
>

<

Z1,0x10*

5,0x107°

a)

0,0 - . . i = . ; ;

0 50 100 150 200 250  30( 0 50 100 150 200 250 300
z (nm) z (nm)

FI1G. 2: (a) Numerical calculation of the dependence of ISHE voltage in y-direction on the z-coordinate
for different angles of magnetization of sense electrode 5. (b) Numerical calculation of the dependence
of spin accumulation in the center of spin channel 4 on the z-coordinate for different angles of

magneti zation of sense electrode 5. Here we assume that the magnetizations of electrodes 1 and 3 are
antiparallel along the x-axis. The vertical line at z=200nm represents the interface between the spin-
conducting channel 4 and the sense magnetic electrode 5.

|+35=10 nm; p35=1/6"35=100 uQ cm; p35=0.7; v=0.1 (eV)}; I;=1 nm;

|s24=100 nm; ?4=1/P*=10 uQ cm; os*=0.001(2 nm)L; J=10° Alcn?.



The upper indexes 1-5 refer to an appropriate layer of investigated lateral structure. The chosen
parameters are just theoretical reasonable values which can be representative of a fairly resistive
magnetic alloy for 1, 3, 5 (for instance a doped CoFe based alloy) and of a Cu or Ag channel for 2 and 4.

Moving away from the 2/4 interface within the sgiorducting channefg first increases then decreases.
The ISHE voltage decrease as a function of z-caatdifor z>20nm is due to the gradual relaxation of
the spin current on the characteristic length skassumed to be 100nm here. The increagspofor
z<20nm can be ascribed to the fact that the spianalspin-down currents are initially spatially euxat
the first end of the spin conducting channel (inT2)ese currents need to propagate over a ceitdande
along the spin-conducting channel 4 to allow tha spbit scattering to separate them thus givisg tb
the ISHE voltage. The modulation of the ISHE voltéyy the relative angke between the magnetization
of the sense electrode and that of the pinnedrfeagmetic electrodes 1 and 3 is also clearly visibtes
modulation is actually largest at the interfacenssn the spin conducting channel and the senseaec

5. Fig.3 shows the dependence of the ISHE voltaghis interface on the angke This dependence
exactly coincides with expression (25) without amticeable deviation from co@Zehavior. It is
interesting to note that this pure cosine variationtrasts with the more complex angular variatibthe
CPP-GMR in metallic magnetic multilayers. Indee€PP-GMR, strong deviations from cosine variation
of resistance versus relative angle between magjiagtrs magnetization are commonly obsetethis
difference can be explained by considering th&mP-GMR, the angular variation of the CPP resigtanc
results from the mutual influence on the spin aadation landscape of the magnetic configuratioalin
magnetic layers. On the contrary, in the presdatdaspin-valve structures, the spin accumulatibrch

is built up between the two ferromagnetic electeotlend 3 is almost independent of the magnetie sta
of electrode 5. More exactly the value of spin acalation is influenced by magnetic state of sense
electrode 5 near its interface with paramagnet@maokl 4, however this influence exponentially dases
with distance away from this interface. So the sfmoumulation landscape in 2 forms a pure spirebatt
almost not affected by the magnetic state of tinseselectrode 5. In other words, the value ofahgpin
accumulationrny may be considered as fixed, resulting in a simgdsine variation of the ISHE voltage
than of resistance in CPP-GMR. Such simple cosam@mtions of non-local signal in lateral spin-vave
of various geometries were experimentally obseiuegarlier studie®2627 Here, we have to mention
that the assumed current®1®cnv flows only in layers 1, 2 and 3 while almost naje current and
only small spin current flows through electrode S0 the torque due to the spin current on the
magnetization in layer 5 can be considered asgiblgiso that the magnetic state of 5 will not fifected

by this spin current. Let us mention that in thpgi®, the authors investigated the Hall voltage appeari
10



in a Hall bar structure fabricated from a non-mdgneormal metal (Au) with two separate parallel
vertical wires bridged by horizontal wires of idieat width. It was shown that besides Hall voltalye

to ISHE, an additional Hall voltage appears duéghtopenetration of charge current into the horiabnt
wire. To check this possibility, we calculated th@l voltage in our structure in the casg~=0 and found
that in this case, the Hall voltage is negligiblgadl in comparison with the case of non-zegs. The
Hall voltage due to ISHE in structure presenteddpef® is proportional to the square of the Hall angle,
whereas in our structure, it varies linearly vsitadl angle. So ISHE in our structure is signifitgutarger
than the nonlocal Hall voltage contribution duelassical diffusive transport of quasiballisticattens.
Furthermore, in pap& the ISHE was investigated in the system Co/Cu/¥iBmitted to an applied
gradient of temperature across the system. Inctise, a charge current flows in the system dubiso t
gradient and the spin polarized part of it is mapioduced inside the dielectric YIG. It thereforeakly
depends on the direction of magnetization in thdayer. In contrast, in our system, only spin catre
flows in the paramagnetic channel 4 and as it veasathstrated, it strongly depends on the direction o

magnetization of electrode 5.

6 3 OX1 0-5 L T % T * T * T ¥ T ¥ T ¥ T v T
m  Numerical simulation |
— C,-C,cos20 fitting

5 5x10°

50x10°
S 4.5x10°
S

E i
4,0x107°

3,5x107

0 20 40 60 80 100 120 140 160 180

3,0x10°

0 (deg)
FI1G. 3: Numerical calculation of ISHE voltage in y-direction at the paramagnetic 4/ferromagnetic 5
interface versus relative angle between magnetization of sense electrode 5 and magnetization of the
pinned electrode 3 when magnetizations of electrodes 1 and 3 are antiparallel along x-axis. The full line
isafit of the numerically calculated points with a cos(26) variation.
l¢+39=10 nm; p35=1/0*3°=100 uQ cm; p+35=0.7; v=0.1 (eV)'}; I,=1 nm;
l24=100 nm; ?4=1/P*=10 uQ cm; 64*=0.001(2 nm)*; J=10% Alcn?.
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In the previous calculation, the ISHE in the feremnetic sense electrode was assumed to be negligibl
To check the possible influence of ISHE in thedaragnetic sense electrode 5 on theodtput voltage,
we recalculated the dependence of Hall voltaglenvicinity of the interface 4/5 for spin Hall argh 5
characteristic of PyoG® = 0.005%* and for two values of spin Hall angle in the PMuchel 4 ¢+°>= 0.005
and0x%=0.1)°. The results are plotted in Fig.4. This Figurevehithat the contribution to the total value
of Hall voltage \4 due to ISHE in the ferromagnetic sense electredegligible when the spin Hall angle
in the PM channel 4 is much larger than in the asdasomagnetic electrode 5 (Fig.4a?=0.1 versus
0+°=0.005). However, it becomes noticeable when tteevaf the spin Hall angle in the PM channel is

comparable or smaller to that in the sense eleet(bit).4b0H%= 04°=0.005).

1,6x10* N paramagnetic/ | —— 0=0"=180°, 6,°=0, 6,°=0.1
1 4x10 '_\\ ferromagnetic |---- 0=90°, 0,°=0, 0,'=0.1 1
’ L N.nterface ... 0=0°=180°, 0,°=0.005, 6,,'=0.1
1,2x10™ I 6=90°, 6,°=0.005, 0,'=0.1 -
1,0x10% - .
> 5
<9]—_ 8,0x107 - .
6,0x10° .
4,0x10° - .
2,0x10° - .
0,0
100
8,0x1 0°F paramagnetic/ | - 6=0°=180°, 0,°=0, 0,,°=0.005
6| fi ti ——0=90°, 0,°=0, 0,,*=0.005
7,0x10 ° r is:g:fr:seg e fu == 6=0°=180°, 6,°=0.005, UH"=O,005—_
6.0x1 0° _\.\ ,,' \ ----6=90°, 0,°=0.005, 0,/<0.005 |
50x10°F ™, i
> wl
g 4,0x107
3,0x10° F g :
2,0x10° - .
1,0x10° F b) .
0,0 . . . s P
100 150 200 250 300

z, nm
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F1G. 4: Numerical comparison of the dependence of ISHE voltage in y-direction on the z-coordinate for
different angles of magnetization of the sense electrode 5 with and without |SHE in the sense electrode .
Two cases were considered: a) significantly higher spin Hall angle in 4 than in 5 (64° = 0.005 and
04*=0.1). (b) Comparable spin Hall angle in 4 and 5 (0+°=04*=0.005) In these calculations, the
magnetizations of electrodes 1 and 3 are assumed to be antiparallel along the x-axis. The vertical line at
z=200nm represents the interface between the spin-conducting channel 4 and the sense magnetic
electrode 5.

ls435=10 nm; p+3°=1/d"35=100 @ cm; p+3°=0.7, v=0.1 (eV); I;=1 nm;

[%4=100 nm; F?*=1/P*=10 uQ cm; On=owlo; Je=108 Alc?.

Fig.5 shows the same dependence as in Fig.3, b igeometry where the magnetizations of electrode
1 and 3 are antiparallel along the z-axis. The ratigation of the sense electrode 5 is still rotatethe

(x, z) plane and the ISHE voltage is measured adtesy-direction of the spin conducting channehat
location of the 4/5 interface. This dependence @das with expression (28) without any noticeable
deviation from sin@ behavior. The amplitude of the variation of thélESvoltage is comparable to that
of the other configuration described in Fig.3. Hees the maximum value reached by the ISHE voltage

is about 4 times weaker in the configuration of. Figpmpared to that of Fig.3.

T T T ¥ T ¥ T T T ¥ T % T E T
®  numerical simulation
C,sin20 fitting

2x10°

T

1x10°

Ag (V)

-1x10°

-2x10° b

0 20 40 60 80 100 120 140 160 180
0 (deg)

FI1G. 5: Numerical simulation of ISHE voltage in y-direction on the angle of magnetization of the sense
electrode 5 when magnetizations of eectrodes 1 and 3 are antiparalle along z-axis, taken at the
paramagnetic 4/ferromagnetic 5 interface.

I+35=10 nm; p35=1/6"35=100 uQ cm; p+35=0.7; v=0.1 (eV)%; I,=1 nm;

l24=100 nm; ?4=1/P*=10 uQ cm; 64*=0.001(2 nm)*; J=10° Alcn?.
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From an experimental point of view, fabricatingustures such as depicted in Fig.1 with vertical
interfaces may be rather uneasy. Rather, an afteenstructure, which could be more easily built to
investigate the above-described magnetic modulatiadhe ISHE voltage, is represented in Fig.6. Here
the ferromagnetic electrodes 1, 3 and ferromagsetise electrode 5 are all located above (or belwav)
paramagnetic base which serves as spin condudtangnel (2 and 4). This type of device is much alose
to those realized in experimental studiigsin this geometry, the angular dependence of ISblEage

(Fig.7) can be approximated with the following eegsion:
Ap = —C5 + C,cos20 (27)

For this geometry, the main contribution in ISHHEta&ge originates from thém,/dx term i.e from the
vertical component (along x-axis) of the spin-catridowing from the paramagnetic base 4 to thesens
electrode (labeled 3 in Fig.5). In contrast, in pinevious structure of Fig.1, the main contributiorthe
ISHE voltage originated frordm, /0z i.e. the spin current propagating along the lendtine spin-

conducting channel.

FI1G. 6: Modeled lateral spin valve structure more suited for experimental investigation.

The dimensions of the sense el ectrode are typically those which would be used in read heads of hard
disk drives. L=5 nm, L1=30 nm, L3=100 nm.

1,2 are the ferromagnetic electrodes with antiparallel orientation of magnetization along z-axis, 3 isthe
ferromagnetic sense layer, 4 represents the paramagnetic spin conducting channel with SHE. disthe
angle between magnetizationsin layers 2 and 3.

The geometrical parameters chosen for the struckepected in Fig.6 correspond to those which would

be nowadays required in a readout head in hardddig&s®31 There, the sense layer 3 would be inserted
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in the read gap of the head next to the air beasurtace (ABS) whereas the layers 1 and 2 would be
remote i.e. further in the read gap, away fromAB&. The advantage of using a sensor such as #e on
depicted in Fig.6 rather than a magnetic tunnetgon (MTJ) is the total thickness of the devicatrie

the ABS. This thickness has to be as small as Iplessecause it determines the shield to shieldisgac
which itself determines the downtrack spatial re8oh. Since 1991 where the first magnetoresistive
heads were introduced based on anisotropic magséttance (AMR}, several technologies of
magnetoresistive heads have been devefdpekhey were based on the current in-plane giant
magnetoresistance (CIP-GMR) of spin-valves betwl98 and 200% and on tunnel magnetoresistance
(TMR) since 200%. Nowadays, a conventional MgO-based in-plane mtaggeeMTJ for Hard disk drive
has a composition of the form Ta3nm/IrMn 7nm/Cobe&/Ru0.8nm/ CoFeB2nm/MgO
1nm/CoFelnm/Ta0.3nm/NiFe3nm/Ta3nm meaning a typicekness of ~22nm. The above presented
structure with insulating bottom and top layer ebbhve a total thickness of about 14nm or even less
compatible with the requirement for areal densityp®bit/in2 34 The ISHE voltage (see Fig.6) of this
sensor is represented in Fig.7. It is close todkpected form given by Eq.27 with however some
deviations around 0° and 180° which can be expthasefollows: When the magnetizations are aligned
along z 6=0), only the dmfdx component gives a contribution to the Hall agk. When the
magnetization in layer 3 (Figure 5) deviates frém0, a dnw/dz component also appears in addition to
the dm/dx component. Their combined contribution® at10 or 170° is smaller than the contribution of
dm/dx at® =0 or 180° so that the maximum in the Hall voltaiges not occur at O or 180° but at 10 or
170°. In terms of amplitude, the observed ISHE aligs rather small and would require a significant
amplification before being processed in the readbannel.

Another very important point to consider is thelation of the spin diffusion length in the spin crcting
channel as a function of the channel thicknesdaSespin flip scattering seems to drastically oedilne
spin diffusion length when the channel thicknessobges lower than the elastic mean free {affor
reader applications, the spin channel thicknesddvibave to be in the range 2 to 4nm meaning much
smaller than the elastic mean free path. Indee@uifs used as spin conducting channel material, th
elastic mean free path in Cu is of the order ofr2@a 80nni°. This means that particular care should be
paid to minimizing spin flip scattering at Cu suréa, otherwise the non-local signal would be sigaittly
reduced compared to typical values calculated diereported in experiments which are of the ordex o
few microvolts'—17.19-21,

For comparison, present TMR sensor have an ouigagalsin the range of 20mV, 3 to 4 orders of

magnitude larger than those expected from latgriabgalves. However, what mostly matters for MR
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heads used in recording technology is on one hhadsignal to noise ratio which still need to be
investigated for lateral devices and on the otlaerdhthe total thickness of the sensing part ostresor

which is reduced in the case of lateral spin-valeeices*.

-1 ,0X1 0-6 S e
L . —=— numerical simulation
----- -C,+C,cos20 fitting

-2,0x10°®
_-3,0x10°
> i
S.4.0x10°

-5,0x10°®

-6,0x10° +

0 20 40 60 80 100 120 140 160 180
0 (deg)

FI1G. 7: Numerical simulation of ISHE voltage at the paramagnetic base 4/sense layer 3 interface in the
structure of Fig.6 versus relative angle between magnetization of sense layer 3 when magnetizations of
electrodes 1 and 2 are antiparallel along z-axis. The chosen parameters are chosen to be representative
for device operation between 300K and 400K..

I+35=10 nm; ¢+35=0.001 (2 nm)%; p135=0.7; v=0.1 (eV)%; ; I,=1 nm;

[%4=100 nm; ¢%>*=0.01 (2 nm)%; 65*=0.001; Je=108 A/cn?

Conclusion:

In conclusion, we have theoretically investigated possibility to modulate the ISHE voltage in fate
spin-valves comprising a sense electrode withabtatmagnetization. The angular variation of thgpou
signal was analytically calculated and found tdoiwl simple cosine laws, simpler than in CPP-GMR
devices, and in accordance with earlier experimesttaervations in other types of lateral spin-valve
structures. Various geometries were considered &aahytically and by finite element calculationfieT
device theoretically investigated in this study nieyinteresting as reader in hard disk drives bist t
statement is still uncertain. Further studies atpiired on one hand to minimize the decrease ddphe
diffusion length due to surface scattering for vigriy spin conducting channel (thickness of theeoxaf
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2 to 3 nm), on the other hand to evaluate the namgksignal to noise ratio of such lateral spinsgal
devices. This will be the object of a subsequepepa
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