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We have investigated experimentally the nonlocal voltage sightlVS) in the lateral Permalloy
(Py)/Cu/Py spin-valve devices with different width of Cu stripes. We found that NLVS strongly depends on
the distribution of the spin-polarized current inside Cu strip in the vicinity of the Py detector. To explain these
data we have developed a diffusion model describing spétiate dimensionaldistribution of the spin-
polarized current in the device. The results of our calculations show that NLVS is decreased by a factor of 10
due to spin flip scattering occurring at the Py/Cu interface. The interface resistivity on the Py/Cu interface is
also present, but its contribution to reduction of NLVS is minor. We also found that most of the spin-polarized
current is injected within the region 30 nm from the Py injector/Cu interface. In the area at Py detector/Cu
interface, the spin-polarized current is found to flow mainly close on the injector side, watexpbnential
decay in the magnitude within the distance 80 nm.
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I. INTRODUCTION Il. DEVICE PREPARATION AND EXPERIMENTAL

Spintronics is a quickly evolving field providing the pos- RESULTS
sibility of manipulating spin degrees of freedom in the solid We fabricated lateral spin-valve devices consisting of two
state systems? Spin injection, transport, and detection in Py wires bridged by a Cu strip by means of nanofabrication
metals and semiconductors are of particular importance t@echniques. Figure 1 shows a scanning electron microscope
construct effective spintronic devices such as a spin béttery(SEM) image for one of the fabricated devices. First, we
and spin torque transistére_tc. Such devices have great ad- fapricated both Py wires of widtWp,=120 nm and of thick-
vant.a.lges over the cc.)nver_monal eIectrpmc dewcgs b_ec_;ause Rkss tp,=20 N with the spacing oféc,=170 nm by
additional spin functionalities. To realize the device it is k&Y gjectron-beam lithography and lift-off technique. Py layer
to obtain both large spin-polarized current and spin accumug 55 evaporated by an electron-beam gun =at12® Torr.
lation. Itis also important to understand the diffusive naturezpgs of the first Py wire are connected to large pads pattern
of the spin-polarized currents in multiterminal devices. for assisting the nucleation of the domain wall, although the

The pioneering experimental and theoretical works congngs of the second one are flat-end shaped. Hence, each Py
cerning nonlocal devices were carried out by JohA8@md wire has a different switching field.

Fert and Le€,respectively. Recently, the lateral nonlocal de- Both Py wires are bridged by Cu strip of thicknetss

vice was proposed by Jedereaal®® They succeeded in —gg pm, having widthsve,=100, 300, and 500 nm for three
detecting the clear spin-accumulation signal in the vicinity of yifferent devices. Prior to Cu deposition, the Py surface was
the nonmagneti¢N)/ferromagnetic(F) planar junction by  jeaned by At bombardment and then the sample was
the nonlocal voltage signalNLVS) even at room temp- ghortly taken out of vacuum to change the vacuum chamber.
erature?!The nonlocal technique allows one to extract only Then Cu was evaporated by resistance heating. The contact
spin-polarized current contribution from the spin-dependentesistance of the interface was found ohmic and very low
phenomena and to reduce spurious effects such as Hall effegigicating a transparent contact. The conductivity of Cu is
and anisotropic magnetoresistance. Furthermore, it maybg;Cu f1=48.1x 10° QI m™, 04 k=131x10° O tm™t at
useful to induce spin-injection magnetization revefsaith-  oom temperature, 4 K, respectively.

out the charge current, leading to the solution for the energy
dissipation problem due to Joule heat.

Here, we study experimentally the distribution of the
spin-polarized current in nonlocal configuration. So far, the
spin-polarized current transport is analytically investigated
using the one-dimensional1D) Boltzmann diffusion
model>1?-15As these models predict too large NLVS, we
have developed formalism to calculate spatial three-
dimensional (3D) distribution of spin-polarized current.
However, large decrease of NLVS cannot be attributed to
spatial distribution of spin-polarized current, and we attribute FIG. 1. SEM image of the fabricated lateral spin-valve
it to spin scattering at the Py/Cu interface. device.
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Notice that the present Cu strip has smaller residual resis- Experimental values of DNLVS as a function w§, are
tivity than that of Jedemat al® The NLVS measurements presented in Fig. @). Experimental data show that the dif-
were performed at room temperature with the magnetic fielderence between cross and half in DNLVS increases with
applied parallel along the Py wires. increasingwg,.

NLVS measurements were performed using a standard The other parameter@t room temperatujeused in our
current-bias lock-in technique at room temperature. We meeealculations are as follows: Py conductivityp,=7.3
sured the NLVS as a function of external magnetic field byx 10° Q1 m™, Py bulk spin asymmetry coefficier@=0.7
using two different probe configurations, called “half” and (o p,=0p(1+8)/2, 0| p,=0p(1-p)/2) (Refs. 17-19
‘cross.” The difference between both configurations isspin-flip lengths\py=4.3 nm (Ref. 17 and \¢,=350 nm
whether the current and voltage probes are located on th@Ref. 16.
same side or not as sketched in Fig&) 2r 3(a). The one-
dimensional(1D) diffusion modet>1€ predicts that the ob-
tained NLVS should be the same. However, as the spin- [ll. EXPERIMENT VERSUS THEORY
polarized current has the spatial distribution, the NLVS
shows the difference between both probe configurations.

Figures &c) and 3e) show a NLVS forw,=100 nm with In the literature, there are two models describing NLVS
half and cross probe configuration, respectively. The ob{and DNLVS inside a metallic lateral spin-valve device: one
tained difference of NLVS between parallel and antiparallelgiven by Jedemat all® and the other by Takahashi and
magnetizatiofDNLVS) is 0.7 and 0.6 ) at room tempera- Maekawa® Both models approximate the device into 1D
ture, respectively. Figures(® and 3f) show NLVS for  wire circuit, in which the propagation of electrochemical po-
wc,=500 nm with half and cross configurations, providing tential u;,; and spin-polarized curredt,| is described by the
0.6 and 0.1 rf2, respectively. standard Valet-Fert mod&t.At an intersection point of sev-

A. 1D treatment

“half” “cross”

bl

[,
T
1

W
I~
T
L

il
1-2
T
1

AV [mg)]

"half™

1.0k 8 A »80.0k SE

250 500

. 50 0 o300 500350 b
(b) (d) H[Oe] (f) H[Oe]

FIG. 3. (a) and(b) SEM image of a detail of the lateral spin-valve device with,=100,500 nm, respectively, with sketched current
flows and cross and half detection configurati@f) NLVS as a function of external magnetic field, obtained for cross and half configu-
ration for wg,=100,500 nm.
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FIG. 4. (a) and(b) Experimental values of DNLVS in both halémpty squargsand crosgsolid squaresconfiguration as a function of
Cu wire widthwg,,. These data are compared with 1D models(lines without symbols namely Jedema, E@2), and Takahashi, Eq3)
(see Sec. lll A, (i) 3D models(symbols (see Sec. Il B2 The DNLVS is calculated for transparent interfa@eR =0, AR,=inf), for
interface with interface resistivityAR =0.5,y=0.7 AR,=inf) and for case with both interface resistivity and spin-filp resistapde
={0,1,13,AR={2.6,3.8,inf, y=0). AR andAR, are interface and surface scattering resistances for Py/Cu interface, urftfn f

eral wires(hereafter called nodee.g., intersection of Cu and here is the same for each 1D wire attached to a given node,
Py wires, the boundary conditions, expressed as generalizexhdJ,;, is conserved while flowing through each node.
Kirchoff's laws, are The model of Jedemet al® has two assumptions, which
are not fulfilled in our case of the Py/Cu devida) they

E Jnin =0, assume cross-sectional areas of all the wires in the device

n were the samdi.e., they considered more continuity of up
and down current densitigs, than up and down currents
J;/, at each nodeand (b) they assuméXg,Ay) > (Wg, Wy),
where (wg,wy) are widths ofF, N wires, respectively. As-
wheren is an index of all the wires connected to a givensuming transparent=/N interface, this model predicts
node. Hence, thg,;; (which can be understand as a voltage DNLVS in form [from Eq. (12) in Ref. 16

Mn,p/) = CONSYy 1)

2 —
DNLVS jogem B Ry exf— {n/(2\y)] , )

<& + l){& sinH €/ (2ny)] + COSIMN/(Z)\N)]}

whereRy=\y/(onSy), Re=\g/ (0£Se(1-?)) are character- =0.7 (Ref. 1§ (dashed ling Note thatARL = 2AR, ¢ (1

istic spin-flip resistances dfl, F materials, respectively and -v), ARéy,Cu=2AR;y,Cu(1+y). This 1D model describes
£y in separating distance between béthwires. The com- quite well the experimentally observed DNLVS but gives
parison of DNLVS obtained from this modethen extended about ten times larger magnitude than the experimental re-
to the case for different cross-sectional areas of wivdth  sults. When assuming transparent interfa@@},y,cfo, the

our experimental data is shown on Figb¥(dashed-dotted analytical expression of DNLVS igrom Eg.(3) in Ref. 15
line), showing that this model predicts aboutX¥4@rge value

than the experimental one.

These drawbacks were partly overcome by Takahashi and 452Ry expl— €n/\y]
Maekawal® assuming that@ \r<(wg,wy) <Ay and (b) DNLVS+akahashi R 2 [R.\2 .
that current at thé=/N interface is homogeneous. Later we (—N + 2) - (—N> exf— 20 /]
will show that assumptiofib) is not correct for ochmic junc- Re Re

tions, but is correct for tunnel junctions. Although they de- 3)
rived their model from basic equations, the same results can

be obtained when both injector andF detector, attached to

the N wire, are described by the 1D model, whéfevires  The case of the Takahashi model incorporating spin-flip in-
have an effective cross-section area as of Py/Cu interfacgerface resistancaR; pyc, (discussed in detail later in Sec.
i.e., in our cases-=wrwy. The DNLVS calculated from this 11l B 2) was not calculated by formulas, but by means of our
model is presented in Fig(d) (solid line) for the case with  theory of electrical circuit of 1D spin-dependent-resistance
interface resistancé\R,,,c,=0 and AR, =0.5f0m?, y  elementSSDRB.*
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' FIG. 6. The profile of jsp=i1—I) through
' Cu/Py20)/Cu(20)/Py(20)/Cu pillar structure, dimensions in nm,
* * * calculated for 1D VF mode(full line) and compared with our 3D

e e e e = == calculations with perpendicular-to-interface grid size 1, 5, and
) ﬂ ﬂ ﬂ ﬂ ﬂ U 10 nm. Lateralparallel-to-interfacegrid size is 10 nm.
_ ﬂ: ﬂ: ﬂ: ﬂ: ﬂ: ﬂ: ﬂ: ) Py/Cu interfacesis 10 nm, perpendicular grid.e., grid per-

pendicular to interfacgss 1, 5, 10 nm, giving, precision
FIG. 5. The sketch of 3D circuit of spin-dependent-resistancdnside Py being 4%, 9%, 15%, respectively. Three-
elementsSDRB. Circle inset sketches that each SDRE consists ofdimensional calculations give a larger value of MR by 8%,
spin-up and spin-down resistances and of the shunting resistors b&6%, 33% than a 1D calculation. For in-plane grid size
tween up and down channels. Note that each node and wire on tHe nm, the MR is larger by 4%, 11%, 26%. It shows tkiat
sketch represents a “bus” containing spin-up and spin-dowrwith decrease of grid sizgg, and MR converge to correct

channels. values andii) the small perpendicular grid size is more im-
portant than the in-plane one.
B. 3D treatment Figure 7 shows a dependence of DNLVS in the lateral

. . .. spin-valve structure on various latefak., parallel with sub-
In order to understand the spin-polarized currents InSIOI%trate surfacegrid sizes. The simulated device is differ-

the device in detail, we have developed a model calculatin%nt than the real one; two Py wires 15 nm thick and 50 nm

3D distribution ofu, and spin-polarized current densijty ; ; ;
- g . . wide are separated by a distance of 80 nm and bridged by a
inside the devicé? Our model is based on the 3D electrical 55-nm-thick, 50-nm-wide Cu strip.

circuit of SDRE (Fig. 5. The response of each SDRE is : o
: . ) DNLVS has been calculated for perpendicular grid size
,16
determined by 1D modelS:*® As sketched in the inset of 5 nm (square in Fig. ¥ and 2.5 nm(diamond, providing

Fig. 5, each SDRE consists of_re5|stance fqr spin-up, Spml?arger DNLVS by 18%, 11%, respectively, with respect to the

down channels and spin-flip resistance shunting up and dow onverged DNLVS value. In both cases, larger grid size leads

channels. This shunting resistance can be regarded as t elarger DNLVS ' '

Sp[r)c;)sbgty nghart eler?(tjrignnsplrt]s arﬁ r]:“%ped \rlmvr?entinpassslil)an In all simulations of real structure, we used perpendicular
-- boundary co ons at éach node connecting I(:;rid size 5 nm, lateral grid size 10 nm and, in the vicinity of

are given by Eq(1).

In this model we can also account surface or interface i i — T 1
resistance(scattering, AR,s or AR,, respectively, short- 50p
cutting up and down channels at the surface or interface. For ;
a detailed description of the formalism please see Ref. 20. __4or / Grid used in calculations
g fc d val ]
1. Test for the 3D diffusion model E ok onvergee vame 1
. . . “ "I ¢a Perpendicular Py grid size 5 nm N
To estimate precision of our 3D calculations, we have ; [ Perpendicular Py arid size 2.5
calculatedj,;;, w;;, and magnetoresistivity ratiéoMR) in Z oo 7 Terpencieniarty grdsize 25 nm
Cu/Py(20)/Cu(20)/ Py(20)/ Cu multilayer structure(dimen- : ?erpenélculé}‘l’y grid size Snm; |
| A K . . X [ or lateral grid, grid size in the vicinity |]
sions in nm using different grid sizes for Py. The results of 10H ™™ of the Py/Cu interface is taken as X
these calculations should be identical with the 1D Valet-Fert i 1/2 of the lateral "bulk” grid size
modell® We investigate the calculation precision only with oL T

the grid size of Py, a&p,<Acy.

Figure 6 shows the profile of spin-polarized currggt
=j;=], through the antiparallel Py/Cu multilayer structure. FIG. 7. Dependence of DNLVS on lateral grid size. Details in
The used lateral grid sizé.e., grid distances parallel with Sec. I B 1.

Lateral grid size [nm]

094402-4



CURRENT DISTRIBUTION INSIDE Py/Cu LATERAL.. PHYSICAL REVIEW B 71, 094402(2005

the Py/Cu interface, lateral grid size 5 nm. This grid con- (i) Surface scattering on Cu is introduced by a resistance
figuration is denoted by a circle on the Fig. 7, providing ARy c, short-cutting the up and down channels on the Cu
agreement with DNLVS converged value of 13%, in agreesurface. To decrease DNLVS fai;,=100 nm to experimen-
ment with the above discussion. Unfortunately, in our calcutal value, 0.7 i), Cu surface scattering has to B ¢,
lations, we cannot use a smaller grid size due to numericat0.15 f) m? (when surface scattering is assumed on both
limitations. We conclude thati) the precision of our 3D side sides and the top and bottom surface of a Cu)vare
calculations is about 20% ar{d) calculated DNLVS has a AR cysis=0.065 12 m? (when surface scattering is as-

tendency to be overestimated. sumed to be only on both sides of Ctlowever, using those
_ surface scattering resistances, the DNLVS calculated for the
2. 3D calculations of DNLVS three-wire systengTable |) is too small compared with the

Figure 4b) presents DNLVS calculated from the 3D experiment, showing that this contribution is not a dominant
model for AR, =0 (circle) and for AR;,,=0.5 fam?, ~ One. _ _
y=0.7 (Ref. 18 (diamond. Both DNLVS have about the (||).and (iii) The properties of the Py/Cu interface are
same shape and slightly smaller magnitude compared to vaflescribed by a presence of the interface layer, which has its
ues from the 1D model by Takahashi and Maekdisolid ~ OWn thicknesst;, spin-flip-length\,, conductivity o;, and
and dashed lines without symbplsn agreement with the SPin-polarization .2 However, the interface properties
experiment, for largewc,, the DNLVS has different values Should not depend of (this value is giverad hocand is
in half and cross configuration, reflecting inhomogenejgyls assumed as 1 nm in our calculatiprisherefore, it is profit-
at the position of the detector. As will be shown in Sec. IV, able to express interface properties &y 1,/\ and ARpc,
the jq, is also strongly inhomogeneous at the injector posi-=ti/ o, which are independent dp“ The physical meaning
tion. However, the approximative agreement between 309f AR is clear: R'(1-y), 2R (1+y) is a resistance of
models and 1D models shows that the influence of inhomochannel up, down and through the interface layer, respec-
geneous current injection is not very important to the maglively. As the physical meaning o is not so clear, we
nitude of DNLVS. As our 3D models tend to overestimatePrefer to describe spin-flip scattering by interface scattering
DNLVS, we conclude that inhomogeneous current injectior€Sistivity
decreases DNLVS, but only about 20%.

Both 1D and 3D models show that the presencR’{g,fCu AR.=AR 4 ,
together with large positive value of increases DNLVS. ésinhé
WhenR;y,Cu> 0, y=0, DNLVS decreases. It may be possible . .
that y>0, but this contribution to DNLVS is smeared by Which means a resistance short-cutting up and down chan-
other contributions decreasing DNLVS. Therefore, in the fol-NelS on the interface. .
lowing we assumey=0. To decrease DNLVS to experimental value @k,

Now, let us discuss which mechanism decreases DNLVS: 100 nm, different pairs oARgy;c,, AR;pycucan be used, as
To be more sure with analysiS, we take into account morého*wn in Table I. When there is no interface resistance
experimental data(which are going to be published (ARpyc,=0), thenAR;pyc,=2.6 {0 m? On the other hand,
elsewher&!) on two different samples, fabricated exactly the When AR py,c,=inf then AR, =15 f0 m?. Both AR py/c,
same way as the previous sample. and ARPy/Cu contribute to the decrease of DNLVS.

A three-wire system consisting of two Py wires 20 nm  Table | and Fig. 4&) show that none of the combinations
thick, 100 nm wide, separated by a distance of 400 nm an@f pairsARs,c,, AR pyc, describes perfectly all experimen-
bridged by an 80-nm-thick 100-nm-wide Cu strip. Betweental values; however, the agreement with all experimental data
both Py wires, there is a third 100-nm-wide wjiig. 2(b)], is within a facto*r of 2—3. Figure(4) shows that with increas-
consisting either of Cyhaving a thickness of 80 nmor a  ing value of AR, ¢, the difference between half and cross
Py wire (having a thickness 20 niyor there is no third wire. DNLVS is reducing, reflecting more homogeneous injection

A system consisting of two Py 20-nm-thick wires with Of js, Over the Py-inj/Cu interface.
different widths(200 nm width of injector and 100 nm width ~The most relevant interface properties are a pair of values
of detectoj, separated by 200 nm and bridged by aARpyc=1fQ m?, AR py/ci= 3.8 10 m? (Spyc,=0.99); as for
250-nm-wide and 80-nm-thick Cu strip. In this device, wethis pair the mutual ratio between DNLVS'’s for a three-wire
measured both DNLVS and differencelotal voltage signal  system(when the middle wire is Cu, Py, and nothjragrees
between the parallel and antiparallel stdf®@LVS) [Fig.  with the experiment. Then all calculated values for three-
2(c)]. In the DLVS case, charge current flows through bothwire systems are about X8larger than the experimental
Py wires. one. The disagreement by factor X.&an be related to a

In the following, we will discuss possible contributions smaller value of\¢, than the expected 350 nm. The three-
coming from(i) surface scattering on CAR c, (ii) surface  wire configuration with middle Py wire is particularly sensi-
scattering at Py/Cu interfacRgs pycy and (iii) interface  tive to ARy ,c,, as its value determines how large the amount
nonpolarized resistancé\R,,,c,, The possible magnitude of of jg, is absorbed by the middle Py wire.
each contribution has been determined to fit DNLVS for Table | shows that the experimental value of DNLVS at
Wc,=100 nm and then compared with other experimentaWc,=300 nm is larger than the calculated one, particularly
data. All experimental data and calculated values are summder cross configuratioriexperimental DNLV§,s=0.3 m(},
rized in Table I. but calculated 0.14 ). In another words, DNLVSwc,)

(4)
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FIG. 9. Theyz cut (defined in Fig. 8 of the current density of
(a) current polarized up;, (b) current polarized dowiy, (c) charge
FIG. 8. The sketch of the device with indicated cut planes. TheCulrentje,=j;+j;, and(d) spin-polarized currenfs,=j; -], in the
yz, xZ cuts are taken in the center of the Py injector, Cu wire,device withwc,=100 nm with parallel magnetization. The length of
respectively. They cut is located 12.5 nm from device top, tke ~ &rTow is proportional to value of a given current; this scaling is the
cut is located 7.5 nm from the side of Cu wire. same for all cuts.

decreases more slowly for the experiment than for the calcwacuum to change the vacuum chamber. Notice that Jedema
lated value. It is probably due to the presence of a charget all® have used a very similar fabrication process as we
currentj., at a position of the Py detector for widex,, as  did.

will be shown in Sec. IV B. The nonzeljg, inside detector (2) The contribution of Py/Cu interface spin scattering is
probably causes some additive contribution to DNLVS, ei-missing in previous works, investigating the Py/Cu system
ther due to anisotropic magnetoresistance or to the scatteringy means of magnetoresistivity ratidR).17-18 Note that
related with currents in plane i.e., currents flowing paralleIMR is sensitive to the value gf, passing free layer rather
with the Py/Cu interface. that to the value of spin accumulatidnu at the position of

Figure 4b) also contains a dependence DNLMS,) cal-  free layer® As we have showr] the system can provide
culated from the model of Takahashi and Maekawa forarge MR (when largejg, flows through free laygralthough
AR o =1 fQm? AR pyc,~3.8 0 m?% We can see that Ay at the position of free layer can vanish. Whap van-
there is a good agreement with 3D calculations. It showsshes, then short-cutting of up and down channels takes no
whenjs,is homogeneous on the detector position, this modeeffect and so interface spin scattering does not occur at the
predicts a correct value of DNLVS. interface. In such a case, the MBp to some limit is insen-

The last part of Table | shows an agreement between exsitive to spin scattering on the free-layer/nonmagnetic-layer
perimental and calculated values of DNLVS and DLVS, de-interface.
termined for wg,=250 nm. We can see that folkR;y,Cu On the other hand, the nonlocal technique is particularly
=1 fQ m?, AR py,c,= 3.8 {0 m?, all experimental values are sensitive toAu at the detector/nonmagnetic-metal interface.
about twice as large compared to the calculated one. This caihen interface spin scattering is presented in this case, it
originate from anisotropic magnetoresistance or scattering
related with in-plane currents, as already mentioned for x10°
DNLVS aswg,=300 nm. '

ResistanceAR;y,Cuzl fQ0 m? is equal to the resistance of
48 nm of Cu or 7.3 nm of Py. Furthermore, interface scatter-
ing AR, py/c,= 3.8 (2 m? corresponds to scattering by Cu at a
length of 950 and 2.5 nm inside R¥q. (4)]. The second
value shows especially that interface scattering is not so
large; however, it is enough to decrease DNLVS by one order
of magnitude.

In conclusion of this section, we have shown that a major
contribution to small DNLVS is due to interface scattering
resistanceARs py,c,, short-cutting up and dovyn channels at
Py/Cu interfaces. The interface resistiviyRsy,c, is also
presented, but its contribution to the decrease of DNLVS is

2

(o)
(=
(=]

T T T
G -0 J, AR=inf, AR*=0
500 ®-o i, AR=inf, AR*=0 -
L 0—0 j» AR=3.8, AR*=1
400 \| o~ d jsp‘ AR=3.8, AR*=1, Cu side | ]
\ v—v i, AR=338 AR*=1, Py side| .
1
(L

[

Current density on Py-inj/Cu interface [A/m]
w
=3

only a minor one. Such a large interface spin scattering has 0 3?dismcg‘}rom C161?si d©) [lig] 100
not been observed in Refs. 17 and 18. It can be related to two y
factors.

) ] ] ) FIG. 10. The profiles of, (open symbolsandjs, (solid sym-
(1) The quality of our Py/Cu interface is lower than in pojs) taken at the intersection of the Py injector/Cu interface and the
Refs. 17 and 18. In our fabrication process, there are tw@z cut (Fig. 8. The profiles were calculated fove,=100 nm, for

steps which could decrease interface quality. On top of Pyurrent I=1 mA, forAR,,=0, ARgpy,c=inf (circle), and forAR,,

we deposited and removed photoresist to pattern Cu wires1 fQ m?, AR;pyc,= 3.8 ) m? (triangles and diamondijs,andjc,
Before Cu deposition, the surface was cleaned bylm-  are the same for parallel and antiparallel magnetizations. The sym-
bardment and then the device was shortly taken out obols denote grid, for which the current densities are calculated.
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decreasing

significantly reduces DNLVS. Hence, it may be possible that$ FE_|o2ow RN § oY o
small interface scattering is presented in both MR and non-j TLY|ec88°° 938828
local measurements, but did not take place in the case of MF§ 333
measurements. a f&,‘(g
IS < < ~
[}
IV. CURRENT FLOWS INSIDE LATERAL SPIN-VALVE g N _ e~ o o D8 = o o
STRUCTURE Z WX T VI NooSHND A
5 ggiL|°°°° S
In this section we present in detail the current inhomoge-3 S IIE &9
neity inside a lateral spin-valve structure. Figure 8 shows a® < g\@:
sketch of the device with indicated cut planes, on which theg
calculated current densities are presented in Figs. 9 an@ © x © o R
doe | ©owo s Yo D ©
11-13 and discussed in the following sections, Secsx Lilg| NN S2cocooc <<
IV A-IV C. The presented current densities were calculatedw Sgi| © oo c oo
for paraIIeI magnet|zat|ons and for our best interface descrlp% *'fn?“' %
tion ARP_y,Cu_—l fQ m?, AR pyic,=3.8 2 m For antiparallel ~ © A
magnetizations, we get very similar current flows as for the ~
parallel one. This is in agreement with 1D models of nonlo- 2; BlaormaSs®y o Y o o
cal deviced5®where current flows are exactly the same for & LR lesss°°eNgRy
parallel and antiparallel magnetic states. § L5 g ©
g | dFos
o
A. Current description near Py injector 8
. . L 0 -© To RN
Figure 9 shows current density on tlge cut, which is 2 ? N © e g DS o Nay
taken in the center of the Py-injector wik&ig. 8. Cuts G 3 5 228 S S oo °N 53 e
(@—(d) correspond to the cases for up and down current deng nET &
sities j;,j|, respectively, for charge current density,=j; 2 ‘; < 2(?3
+], and for spin-polarized current densjty=j;—j,. All cuts @ =
show that the current is injected rather sharply through theS 3
sy : ; ; 3} o N M
Py-injector/Cu mterfac_e and then quickly spreads into the§ & Sleorsl8g o
whole volume of Cu wire. o I = '5 g == o g N ®
The values of, andjg, at the intersection o§z cut and 9_; 3 § ©
Py-injector/Cu interface are presented on Fig. 10. The pros T n_”w
file is shown for the device wnb(\RP =0, AR py/c = inf £3 <
(circles and forAR, yic=1 fQ m? ARS pyic= 3.8 1) m? (tri- o 5
angles and dlamOI)dDue to spin-flip scattering on the in- & = e S99
terface, thg, flowing to the interface from the Py sid#i- o E oIN85 o000 ,Q o0n~
sP . . ; 1L : c oo N
angles downis about twice larger than frofy, outgoing the 4 = 0|l @o o N o
interface at Cu sidétriangles up. -% 2 o
It is shown that bothj., (open symbolsand jg, (solid > g <
symbolg are sharply injected within the distance of 25 nm, S g s
35nm from the Py/Cu edge forAR,,=1fQm? % Tiolie o NBE o <
AR pyici=3.8 ) m?, and AR, =0, ARspy,Cu—mf respec- E£% SOls gma @S h g
tively. This different “length of injection” is only due to dif- & £ e e
ferent values ofAF\’P jcu @nd is nearly independent on > 5 <<z
ARSP),,CUWhenARP scu 1S large then obviously the current is £ t =
more spread over the interface and for tunnel contacts is c ag 5 @ D © <
» = El~Y o0 md o < <
be considered as homogeneous. Furthermgges positive  § ¢ = |~ o @ SO O x &«
X R Q= | © c o o o o
only in the distance of 25 or 35nm from the Py Eﬁ S
-injector/Cu edge, and then its value becomes negative. This @ w
means that in this region the injector reabsorbs a small parg S o U o
of the injected spin-polarized current, which decreases theg 2 09 o O g g g o Q
spin-injection efficiency. g SIgS®EEERNgQ
For different values ofv.,, the length of injections is very L%"‘a s s 03 L BN«
similar to that presented in Fig. 10. It should be noticed that_. £ 25235 L 25 33
this sharp injection occurs in consequence of small Py conw 2 “;,g 8 E‘ gpgoyg E g i i
ductivity, opy<oc, and small thickness of Py wirés D v huwaw>33gy &4
y . Y. <> >>>> 00 0>>0W0
<(Wgy,tey). In other words, larget, increases homogeneity = 2! 2220 dd>>
.. z 2 22 2Z c ccZ22Z2 2141
of the injected current. a Oo0oo0Q0OFFRFOOQOODO
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FIG. 11. Thexy cut (defined in Fig. 8 of (@) j;, (b) j|, (C) jep and(d) jsp in the device withwc, =100 nm, parallel magnetization. The
arrows have the same scaling for all cuts, and they are magnified on cut’s right sides.

B. Top view on Cu tion is negligible compared tdy, However, when{c,

Figure 11 presents current density on thecut (defined < Wcy (€c, being distance between Py wirethenjey 2 jspat
in Fig. 8 taken at the depth of 12.5 nm from the top surfacedetector position. This can be seen in Fig(d2or wc,
of the Cu wire. As already discussed, current is sharply in=300 nm. Figure 1) shows that alsgs, for wc,=300 nm
jected at the Cu/Py-injector edge and hejicandjs, spread 1S inhomogeneous at detector position, having maximal value
into the Cu wire from this edgEFigs. 11a) and 11d)]. at one side of Cu/Py-detector interface..This gxplains differ-
Figure 11d) also shows that fowe,=100 nm,jg, at the ent values between cross and half configurations.
position of the detector is fairly uniform in the direction,
i.e., in the direction parallel to the Py wire. Whenreaches

the detector, it is successively spin scattered due to very short C. Current description near Py detector
spin-diffusion lengthip, and then current flows homoge- Figure 13 presents current density on #recut (defined
neously back ag, [Figs. 11a) and 11b)]. in Fig. 8 which is taken 7.5 nm from the side of the Cu wire.

Due to the sharp current injectiop, makes a whirlin the  Figure 13a) shows that the flow of; into the detector is also
“diffusive” part of the Cu wire, where no charge current wasinhomogeneous and is dominant at the side of the
expectedFig. 11(c)]. In the present cadevc,=100 nm, the  Py-detector/Cu, which is close to the injector. As already
value of j, originating from this whirl at the detector posi- mentioned above, due to very short spin-diffusion length
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Apy=4.3 nm, j; flowing into the detector is immediately re-
versed inside the Py detector and coming back alfig.
13(b)]. This can be understood as a resistance shuritng
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FIG. 14. The profile ofj¢, and js, on the intersection of the
Py-detector/Cu interface and the cut (defined in Fig. 8 for par-
allel magnetization state. The rest as in Fig. 10.

which is taken at the center of Cu wire. The vertical dash-dot
lines show the position of edges inside the Py-detector wire
embedded in the Cu wire, i.e., range (-20,0 and x
€ (120,140 correspond to the side part of the Py wire, al-
though the range e (0,120 represents the bottom part of
the Py detector wire. We can see that bpthand j¢, are
inhomogeneous, decaying approximately exponentially with
1/e decrease length 80 nm. This decay is mainly the result of
the competition between Cu conductivity, and spin-flip
scattering inside the Py and Py/Cu interface.

When the interface resistancesAR;y,Cuzl fQ m?,
AR pyic=3.8 ) m? are introducedjg, flowing to the detec-
tor is decrease¢and hence DNLVS is decreageds can be

“short-cutting’) the up and down channels. This also ex-seen in Fig. 14. Due to the presenceAd¥ py,c, the current

plains the behavior ofg, [Fig. 13d)], whose flow is ab-

sorbed by the detector.
Figure 14 showg., and js, on the intersection between down). Hence, 2/3 of y, entering the detector are short cut,

the Py-detector/Cu interface amd’ cut (defined in Fig. 8,
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FIG. 13. Thexz cut (defined in Fig. 8 of (a) j;, (b) j;, () jch
and(d) jgpin the device withwc,=100 nm, parallel magnetization.

flowing to the interface from the Cu sidgriangle up is
about 3X larger than one outgoing to the inject@riangle

absorbed by an interface.

There is alsd, at the Py-detector/Cu interface, having a
value about 10% of, The j¢, originates becausg andj,
are injected to and/or ejected from the Py detector at a
slightly different position, i.e.j., has negative value around
x=0 and positive ak=<0. It means that part of;, current,
which is injected to the Py detector from the side of the Py
wire, is ejected ag, from its bottom part.

V. CONCLUSION

We have fabricated lateral spin-valve devices consisting
of the Permalloy(Py) and Cu wires. We have observed that
the difference of the nonlocal voltage sigr&@NLVS) be-
tween parallel and antiparallel magnetization has different
values for half and cross configurations. The difference be-
tween these two configurations increases when the width of
the Cu stripe increases.

To understand the observed behavior in detail, we have

The arrows have the same scaling for all cuts, and they are magnileveloped formalism calculating spati@D) distribution of
fied on cut’s right sides.

the spin-polarized current and electrochemical potential in-
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side the device. We found that the current distribution insideénterface or to insensitivity of MR to small surface scattering
the lateral spin-valve device with ohmic contact is a ratheiin some cases.
complex interplay between geometry and electrical proper- |nterface resistancAR’;y,cUzl fQ m? is also presented at
ties of all the involved materials. N the Py/Cu interface, but its contribution to smallness of DN-

lDe|S|?|tg fthose Iar%eDcurréenlt mhqmogen%ltles, the D';‘L\./tSLvs is minor. The value of this resistance mainly modifies
caiculated from our Model aré In a good agreement wi rlhejS inhomogeneity in the structure. Using this description
1D model given by Takahashi et Maekaiwadowever, both p . .

of the Py/Cu interface, we found agreement with all our

1D and 3D predicts about 0 larger DNLVS than experi- . .
mental values. We have attributed the smallness of DNLv<$XPerimental datdlocal and nonlocal voltage signals mea-
sured on systems with two or three Py wjresthin a factor

to interface scattering resistancéR; pyc,=3.8 0 m?
(dpyic=0.99 short-cutting up and down channels at the of 2. o o

Py/Cu interface. On one hand, this value AR, pyc, de- 'T'he current is injected from the Py injector fo Cu sharply,
creases DNLVS by a factor of 10. On the other hand, itwithin the distance of 30 nm. Part of the injected spin-
corresponds only to scattering which occurs inside Py at &olarized current is reabsorbed by the injector itself. Current
distance of 2.5 nm. When this interface scattering resistancéow over the Py-detector/Cu interface is also inhomoge-
can be reduced, DNLVS may be enhanced significantly. Th&eous, having the largest value on the side of the Py detector
fact that such an interface resistivity has not been observedose to the injector and decaying approximately exponen-
beforé '8 may be related either to a lower quality of our tially with a 1/e decrease within the distance 80 nm.
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