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Evidence for a short spin diffusion length in permalloy from the giant magnetoresistance
of multilayered nanowires
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We present magnetization and giant magnetoresist€BbR) measurements performed on two series of
electrodeposited®y/Cu multilayered nanowiresRy= NiggFe,o) of diameter¢p=90 nm. The multilayers of the
first series are composed of a conventional stackingyadnd Cu layers and the GMR is studied as a function
of the Cu thickness for a constaRly thickness. The multilayers of the second series are composed of
Py/Cu/Py trilayers uniformly distributed along the filament and separated from each other by thick Cu layers.
For this second series, magnetic and GMR properties were investigated as a functioRPypfaper thickness
and our magnetization measurements demonstrate tha®yflayers thinner than about 90 nm, the magnetic
moments of the twd?y layers of a trilayer are approximately antiparallel at zero field. Analysis of the GMR
data using the Valet-Fert model allows us to estimate that the spin diffusion lenigyhAt, '?y) , is between 3.3
and 5.3 nm[S0163-182699)06125-1

. INTRODUCTION geometry1°for similar layer thicknesses. The different scal-
ing of the CIP and CPP-GMR comes from the existence, in
Electrodeposition into nanometer-sized pores of a temthe latter, of spin relaxation and spin accumulation effects
plate polymer membrane has recently proved to be a reliabldue to spin transport through the interface. As stressed by the
method to fabricate arrays of magnetic nanowires with interValet-Fert(VF) model!! the scaling length of the CPP prob-
esting magnetic and transport properfie§More precisely, lem is the relatively long spin diffusion lengtiSDL)
the simplicity of this method to fabricate multilayered struc- whereas the scaling length of the CIP problem is the much
tures and the extremely large aspect ratios that can be okhorter electron mean free path. In the so-called long SDL
tained, make such arrays of multilayered nanowires ideallyimit, that is when the SDL is much thicker than the indi-
suited for the investigation of the giant magnetoresistanceidual layer thicknesses, the magnetoresistance does not de-
(GMR) with the current perpendicular to the planes of thepend on the SDL and is given, in the framework of the VF
layers(CPP geometry This approach to CPP-GMR experi- model, by simple expressiolsalready derived from a two
ments is certainly simpler than those based on superconducturrent series-resistor approdétThe predicted behavior in
ing contacts and ultrasensitive superconducting quantum irthis limit has been confirmed by extensive sets of experimen-
terference devicéSQUID)-based systems, or pillar-shaped tal data obtained on different systefs'>*4The SDL, an
microstructure$=° A first interest of the CPP geometry com- important parameter in spin injection devi¢ésan be deter-
pared to the current in the plane of the lay&Z$P) geometry  mined only from measurements on samples where the layer
comes from the larger magnetoresistance ratios obtained thicknesses are thicker than the SDL. For ferromagnetic lay-
the former for similar layer thicknesses and identicalers, the SDL has been determined only for Co and permal-
materials’® As an example, GMR ratiosAR/R") up to  loy. As stressed in our previous worksthe main difficulty
80% were obtained at low temperature By/Cu multilay-  for determining the SDL comes from the uncertainty on the
ered nanowirdswith 12-nm-thickPy layers and 4-nm-thick magnetic arrangement in the resistance maximum state. For
Cu layers. The GMR ratio we measured on this multilayeredCo/Cu nanowires, the proportion of antiparallel arrangement
nanowires array is at least larger by a factor of 20 than thef the magnetization in consecutive layers has been derived
values reported for Py/Cu multilayers in the CIP directly from magnetic force microscopy experiments and
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used in the analysis of GMR data to derive the SDL in Co
(59 nm at 77 K.1 For permalloy, the SDL has been derived
by Steenwylet al* from measurements on spin valve struc-
tures in which an antiparallel arrangement is obtained by
pinning one of thePy layers with FeMn. A value of 5 nm is
found at 4.2 K. This is surprisingly short, especially if we
compare it with the SDL in the micron range found by
Johnsort? It was of clear interest to settle this discrepancy.
In this paper, we report on the determination of the SDL
in Py in electrodeposited®?y/Cu multilayered nanowires.
The paper is divided as follows. The sample preparation is
described in Sec. Il. In Sec. Ill, we recall theoretical expres- (a) (b)
sions for the CPP-GMR variation, both in the long SDL limit
and in the small SDL limit, and derive expressions for the
trilayer-based systemisstructure schematically depicted in
Fig. 1(b)]. In Sec. IV, we analyze the results of GMR in
conventional multilayered nanowires composed of a periodic
stacking ofPy and Cu. We next discuss, in Sec. V, magne-
tization and GMR data on a series of trilayer-based samples. ) N
From the ana'ysis of the data’ we extract the SDLPm resistor series modé? There are several WayS of ertlng
Finally, we present a discussion of the SDL valuePinin ~ down these expressions; for example,
Sec. VI and our conclusions in Sec. VII.

FIG. 1. Schematic representation of the different multilayered
structures investigated in this work.

@

Il. SAMPLE PREPARATION (AR) “V2 o pEtet2r] PaiN

—_— = _|_
AP * * * *
Track-etched polycarbonate membranes were used as na- R Brrte 271, Bpetet2yry

noporous host materid. The average pore diameter and
pore length were 90 nm and 2@m, respectively. The cross
section is uniform along the pore Ieng_tr_] except over a.diSWith AR=R*P_RP. We use the same notations as in Ref.
tance of 100—-200 nm from the extremities where the diam-, . . * -

eter is slightly reduced. The roughness and size distributioff - -€-+P1()= 2PN Pi(1)=2pF[1~(+)B] for the resistiv-

of the pores are also reduced compared to commercially Of the nonmagnetic and magnetic layers, respectively, and
available  porous membran¥2°  Electrodeposited [1(1)=2"5[1—(+)7] for the interface resistancg and y
NigoFexo(Py)/Cu multilayered nanowires were made atare the bulk and interfacial spin asymmetry coefficients, re-
room temperature from a single sulfate bath containifg Ni  Spectively. Although, in the initial VF modéf, expressions
Fe", and Cd" ions by using a pulsed electrodeposition Of the type of Eq.(1) had been derived in the simple case
technique as described in Ref. 8. The structure and chemic#thereR” andRA" are the resistances of parallel and antipar-
composition of the nanowires have been characterized bgllel configurations, it can be shofithat the resistanc@*?
transmission electron microscofVEM) and energy disper- is the same for a strict antiparallel arrangement and when,
sive spectroscopy of x ray&DX).%?* The nanowires can be less drastically, AP refers to a state with zero mean magne-
separated into polycrystalline and monocrystalline regionstization for a set of magnetic layers included within a total
The single crystals extend over more than one hundred ahickness range of the order of the Shthe equivalence of
periods. Large GMR ratios also confirm that our multilay- antiparallel and random configurations has also been demon-
ered nanowires are of fairly good quality. strated in Ref. 24 in the simple case of infinite DL

Ill. THEORETICAL BACKGROUND FOR CPP-GMR B. Structures composed off /N/F trilayers

separated by thick layers ofN

A. Conventional F/N multilayers We consider the structure represented in Figp) Where

By conventional multilayers, we mean the structureF/N/F trilayers are separated by very thick layers of a non-
shown in Fig. 1a), with a periodic stacking of magnetic and magnetic metaN. Our notation for the thicknessestis for
nonmagnetic layers. We cally (tg) and /Y (/7)) the the magnetic layers, for the thin nonmagnetic layer inside
thickness and spin diffusion lengilsDL) of the nonmag- a trilayer, andty, for the thick nonmagnetic spacer. A
netic (ferromagnetiglayers. In the long SDL limit, that is for ~ straightforward extension of the VF modfeto the geometry
ty</0 | t.</") | and in the absence of spin mixfifat  of Fig. 1(b) (with also the additional assumptidg;<tys,
temperatures much smaller than the Curie temperature, the, g’?) andtN2>/’g'}‘) corresponding to our experimets
VF model! predicts simple expressions of the CPP-GMRIeads to the following general expression of the resistance
that are equivalent to those derived by a phenomenologicgler period in the AP and P configurations:



PRB 60 EVIDENCE FOR A SHORT SPIN DIFFUSION LENGT . .. 479

te te
[2: BPre(rwtr) =2 yrgrel| chl —) 1 +[ﬁ2+ré—vz<r§>2]sh(m)
AP_ n x4 ~ sf ~ sf
e )Ty
te * F *
Breshl —tey | + 15| ch| — | + 111 -[Brnt2(B=)ri ]
RP=Ry+2 o L @)
te te :
r¥+ry)chl —=|+resh +r¥
o (/g? oo g

where ry=p&-/W, re=pt. /" Ry=pitna+2(1  trolled only by the magnetic configuration of the two mag-
— B ptte+4(1—yB)rf . Actually, as we see in the next netic layers inside a trilayer. Each trilayer contributes inde-
sections, these trilayered structures are specifically designgendently to the GMR, byAR=28%pf/) if its

to study the regimee>/). With the additional assump- configuration is AF, by zero foa P configuration. Conse-
tion re>r¥, ry, one derives from Eq(2) the following ~ guently, Eq.(3) can be extended straightforwardly to the

relatively simple equation for this regime: case with a proportiop of AP trilayers:
AR . AR gl ,
R0 LT @

The physics of Eq(3) is simple. Referring to Fig. 2, the only . o . L
difference from the current distribution between the AP con-Thus in the limit we have considered, the MR ratio is inde-
figuration of Fig. 2a) and the P configuration of Fig( is  pendent ofty; andty,, and is proportional te, /{ and
within a depth of approximate th|ckneg§’?) in the magnetic 1/t|: . We also note thah R/RP is half what is calculated for
layers on both sides of the central nonmagnetic layer. In théonventional F/N multilayers in the limit te>/{,
AP configuration, the spifi and spin| currents are approxi- tN</(S§‘) A

mately equal in a central region of thickness® and the
resistance of this central region is approximatepf 2} .
In the P configuration, the asymmetry between the $@nd

spin | currents is the same as in the bulk ferromagnetic ma-

terial and the resistance of the central region is 2(1 In our magnetoresistand®R) measurements oRy/Cu
—B?)pt /%), This leads toAR=28%p% /%) and withR®  with conventional periodic stacking, the linear variation of
=2(1—-B?)pgte, one obtains Eq3). We also see that with  Eq. (1) is observed only in a narrow thickness range, that is
te>/{) the current distribution and the GMR are con- for thin Py layers(a few nm separated by definitely thicker
Cu layers. We see in Fig. 3 that, for multilayers with,
=4nm, Eq.(1) is obeyed fort; =20 nm, which appears to
be the condition to reduce the dipolar interactions between
neighbor layers sufficiently and obtain at the coercive field
the random magnetic configuration required by Hg. The

fit to the linear variation gives

IV. EXPERIMENTAL RESULTS ON Py/Cu NANOWIRES
WITH CONVENTIONAL STACKING

5 T T T T

(AR/RAP)-O.S

() ®)

FIG. 2. Schematic representation of the antipard#iebnd par-

allel (b) magnetic arrangement in trilayered-based systems in the % ‘ 4|0 8|0 120

limit (te>/17), (tya</W), and ¢no>7). The hatched re- ., (nm)

gions indicate the limits of the extension of the spin accumulation

in the magnetic layers at the distanc€;) from the interface with FIG. 3. Plot of AR/R)™Y2 ys to, at T=77K for

the central nonmagnetic layer. Py(4 nm/Cu(tc,) multilayered nanowires.
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AR —-1/2 ‘
with a=0.024+0.002 ancdb=1.2+0.1. ]
According to Eq.(1), b is necessarily larger than 1 and g
reaches 1(that is AR/R*P=1 or R°=0) for B=y=1. The RS
fact that our experimental value tfis close to 1 suggests R g |
values of 8 and vy close to 1 but, strictly, the respective - )

values of 8 and y cannot be extracted independently from
data with a single value db, (or from data with not differ- e
ent enough values df,), that is from a single set of values ;
of a and b. Nevertheless, by allowing the values p;y,

pcu» Tpy/Cu to vary in reasonable rangésonsistent with
previous data on multilayers or nanowif€é%§, we find that
both 8 and y have to be between 0.7 and 0.9. This is in (a) (b)

agreement with values recently found By/Cu/Py spin . . ) .
valves(8~ y~0_7318)_ FIG. 4. Sketch of magnetic configurations minimizing the mag-

netostatic energy for conventionRly/Cu multilayered nanowires

(a) andPy/Cu/Py trilayers(b) when the Cu layers are thin and the
Py layers thicker[with tp,<wire diameter in(b)]. In (a), in the
configuration with all the magnetizations parallel along the wire
axis, the poles separated by thin Cu layers leads to small magneto-

: . s static energy. In the same configuration with parallel magnetiza-
GMR we observe inPy/Cu nanowires. Surprisingly, the jons along the wire for trilayers, the fields generated by the poles

GMR is generally larger in Co/Cu than Py/Cu in the CIP 1 the upper and lower surfaces are not compensated and the mag-
geometry. It is not clear whether this is due to a weakemhetostatic energy is high. A smaller energy is obtained with mag-
influence of bulk scattering in CIP or to structural prOblemSnetizaﬁon in the plane of the dis¢shape anisotropy of a unique

related to the small thicknesses used in the CIP geometry. dis¢) and in opposite direction&@s for two magnets laying side by
In the long SDL limit analyzed above, the GMR does notside, as illustrated in(b).

depend on the SDL. As shown in Refs. 16 and 17, the SDL

in Co can be determined simply from conventional multilay-are expected to favor an antiparallel arrangement of magnetic
ers with layer thicknesses satisfyirtg> /), ty</).  moments in the two successi®y layers(discs of a trilayer,
Unfortunately, as pointed out above and also described in &s represented in Fig(i).

previous report,with thick Py layers and thin Cu layers, the ~ The different magnetic behavior of the conventional
dipolar interactions between layefattraction between the Py/Cu multilayers and trilayer systems appear clearly when
north and south poles on the two interfaces of thin Cu layersare compared their magnetization and MR curves. In Fig. 5
see Fig. 4a)] became significant and favors a parallel con-we show curves for both structures in the appropriate thick-
figuration of successive layers. The probable reversal processs range for the determination of the spin diffusion length,
is by propagation of reversal from one end of the wire to thethat is with relatively thickPy layers and thin Cu layers.
other. As a consequence, a relatively small number of interTypical MR curves of antiferromagneticall§AF) coupled
faces with an antiparallel configuration contributes to theand uncoupled Co/Cu planar multilayers are also presented
GMR. In other words, the value of the paramatef Eq.(3)  in Figs. 8c) and(f). The comparison immediately points out
decreases rapidly in the limit of thidRy layers and thin Cu the much higher degree of antiparali@&P) ordering at low
layers. It probably explains that, in our GMR measurementdield in the trilayer systems.

on conventionaPy/Cu nanowires, we could not identify a ~ The two main points aré) The ratio of the remanent to
regime where the GMR varies astd/ Consequently, we the saturation magnetizatioM /Mg, is only 12% in the
have studied the limit of thicRy layers with our second type trilayer system of Fig. &) compared to 56% for the

of structure composed of well separated and noninteractingultilayer of Fig. §a) (the parameter (£ M /M) is often

v Z
—

z
—

N A

It is interesting to compare the results of our group on
Co/Cu(Ref. 16 andPy/Cu nanowires. We find similar val-
ues of y (y=0.85+0.1 for Co/Cu, 0.%y<0.9 for Py/Cu)
but the value of3 is definitely smaller in C¢3=0.36+0.04)
than inPy (0.7<8<0.9), which accounts for the higher CPP-

Py/Cu/Py trilayers. taken as a coefficient of AP ordering, equivalent to our pa-
rametem, see for example Lenczowski and co-work&rs).
V. EXPERIMENTAL RESULTS ON STRUCTURES {V'Obreover’t!” tlrl‘e ttr:"ayer Sy]?te?s’lathelram/ Mds turns °d“.t |
COMPOSED OF Py/CU/Py TRILAYERS 0 he practically ﬁ. Sr?'.me or lelas a_ok?g and perpen "f:.“ l‘;‘;
SEPARATED BY THIGK LAYERS OF Gu to the nanowire, which is consistent with an unique zero fie

arrangement induced by the dipolar forces between the two

The structure is that represented in Figb)land already magnetic layergdisc9 of the trilayer[see Fig. 4b)]. As
discussed in Sec. Il B. Due to the large separation betweeshown in Fig. 6, the ratidM, /M of trilayer systems remains
the trilayers, one expects dipolar interaction between succef the range 10—22% fdPy thickness up to 100 nm.
sive trilayers to become negligeable, each trilayer being al- (ii) The MR curves are definitely different for the conven-
most magnetically isolated. In a given trilayer, as the thick-tional multilayered nanowires and the trilayers systems. In
ness of thePy layers is significantly smaller than the wire the first casdFig. 5b)], the increase of the resistancetat
diameter, the shape anisotropy favors in plane of the layer0 is only a fraction of the maximum increase which is
magnetization. In addition, at zero field, dipolar interactionsreached at the coercive field. This behavior is reminiscent of



PRB 60 EVIDENCE FOR A SHORT SPIN DIFFUSION LENGT . .. 481

1 T T T T 1
0.5 — 0.5 -
w [
§ oL - § ol 4
-0.5 - B -0.5 | .
-1 1 1 I 1 1
-3 -2 1 0 1 2 3 -6 6
H (kOe (d)
(@) (kOe)
2 T T T T T 20 T T T T T
- . 15 F -
f:\ -_—
<
< )
“ 1F - m 10 1
= =
- | 5 - .
0 1 1 1 I 0 1 [l 1
-3 -2 -1 0 1 2 3 -6 -4 -2 0 2 4 6
o H (kO¢) © H (kOe)
18 . . so F ——
4 (ColSA/Cu60A)3 ) 30x(Co15A/CugA)
15 , T=4.2K
: T=42 K eo |
120 =<
I s
IS Q
~ 9 5 sk
- o
2 6c ]
F 20 -
3L
0 - L L L ' s . 1 . . L 1 - * - I L L s 1 1 1
-1000 -600 =200 200 600 1000 .8 -a o a 8
(c) H (Oe) M MAGNETIC FIELD (KOe)

FIG. 5. The magnetization and GMR curvesRy(60 nm/Cu(15 nm conventional multilayered nanowiréa), (b) are compared with
those of Py(20 nm)/Cu(10 nm/Py(20 nm) trilayers separated by 100 nm of @d), (e); in (d), the full and dashed lines are for fields,
respectively, perpendicular and parallel to wire &xr comparison, we also show typical GMR curves for uncouf@ail.5 nm/Cu 6 nm
X30 (c) and AF coupledCo 1.5 nm/Cu 0.9 nix 30 (f) planar multilayergRef. 2. The main features aréi) For conventional Co/Cu
nanowires, a large remanent magnetizafigh /M ~0.55 in(a)] and, in(b), GMR curves similar to those of uncoupled planar multilayers
(c) with only a fraction of the GMR reached &t=0; (ii) For trilayers systems, a small remaneiibg /M¢;~0.12 in both parallel and
perpendicular fields ifd)], and, in(e), GMR curves similar to those of AF coupled planar multilayéysvhere the maximum of resistance
is reached aH=0 in an AF coupled state.

what is observed for the GMR aincoupledplanar multilay-  what is expected when interlayer exchange AF coupled
ers, for example at the second and higher order peaks of ti@anar multilayersor dipolar forcedbetween the two mag-
MR variation with the Cu thickness in Co/Cu multilayers netic discs of a trilayer of Fig.(#)] induce an almost anti-
[Fig. 5(c)].% In contrast, for trilayer systems, the MR curves parallel configuration ati =0.

of Fig. 5(e) looks like that at the first peak of antiferromag-  We conclude from the above discussion of the magneti-
netic coupling in Co/Cu planar multilayefig. 5f)]:?® the  zation and MR curves that a fairly high degree of AP order-
maximum resistance is practically reachedHat 0 and the ing is reached atl ~0 by the magnetic moments of the two
two maxima recorded in increasing and decreasing field alPy discs composing a trilayer. From the variation of (1
most coincide in the close vicinity ¢ =0. This behavioris —M,/M;) between 0.78 and 0.9 in Fig. 6, and to take also
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SDL limit, we have derived3=0.8+0.1; this is consistent

1.0 T T T

with the value found by the MSU group=0.73+0.078 on
the other hand, values @f between 0.76 and 0.9 were found
08 r ’ in various bulk NiFe alloy$! As the value ofg derived in
multilayers is generally somewhat smaller than that deter-
2"’ 0.6 7 mined in bulk alloys, we find that the MSU valug=0.73
- +0.07 at the lower limit of our uncertainty range, is more
= o4t . reasonable than 0.8 and we adopted it for our fit of @y.
With, in addition, a reasonable assumption,<0p< 1, for p,
i i this leads to
0.2
. . . /"= (4.3+1.00 nm.
00 0 50 100 150 200

The value of the SDL irPy is definitely shorter than that
tpy (nm) found for Co(/$?=59+ 18 nnt) but, actually, is in good
agreement with the SDL oPy found by Steenwylet al®
FIG. 6. Remanent magnetizatioM(/MS) as a function O'Py from CPP measurements in Spin valve structure. We discuss
layer thicknesses in trilayer-based systems. Field is applied paralléhe origin of this short SDL oPy in the next section.
to the wire axis. Full line is guide for the eyes.
VI. DISCUSSION OF THE SHORT SDL IN Py
into account some additional uncertainty in the relation be-

tween (1-M, /M) and the parameter of Eq. (6), we have The most striking result of the present work and also of
takenp= 0.85+0 15 fortp, <100 nm. ' the recent work of Steenwydt al*® is the small value of the

The variation of the GMR ratio as a function of ty ~ SPL in permalloy, 4.3-1 nm in our nanowires, 551 nm in
layer thickness is shown in Fig. 7 for two different trilayer- € SPin valve structures of Steenwgkal. Such values are
based systems witlic,=100 (open circles and 500 nm m(%c? smaller than in nonmagnetic metdfer example
(closed squarasfor the long Cu rod between trilayers. On 7 s7- =140+ 10nm at low temperature in Cu layéfsand
increasing thePy layer thickness, the GMR goes through a@lso definitely smaller than in ferromagnetic Co layers
maximum and finally decreases. This variation is, qualita{’{;”=59=18 nm at 77 R’). We will, however, show that
tively, what is expected from Eq2). At small values otz,  such a short SDL is expected for permalloy.
in the thickness range of the maximum, the MR ratio pre- We recall the theoretical expression of the SDL of a fer-
dicted by Eq.(2) depends on a large number of parametersfomagnetic layer in the VF modét:

not only /{7 but alsopf , B, py, I, . Our data in the 102 102 (112
long SDL limit (Sec. IV) did not allow us to determine all :(_) +(_) (5)
these parameters and this makes that there are too many un- 2 % 7,

known parameters to reliably determin€?) from a fit of

Eq. (2) with our results in the thickness range of the MR .

maximum. However, we can see that, fprdarger than about with /m):[g “(0E Ny st
20 nm, we reach the regime of E¢4) characterized by

AR/RP proportional to 1t and independent dfy,. In this ~ wherek; is the mean free path of the spii|) electrons
regime, the only parameters involved in the expression ofind 75 is the spin relaxation timéto make the connection

AR/RP aretg, /%), p, andB. From our analysis of the long With the notation of electron spin resonance;=2T,,
where T, is the spin-lattice relaxation time of the electron

spin resonancéeESR theory).

1/2

: (6)

40
Combining Egs(5) and (6) leads to

30 *\ 1/2
fon) ) )\Sf' A
§ g):( = (7)
& 20
g ith ol I + ! 8

" wi =3 )‘_T ik (8

ol . L . m It can be pointed out that if, witj close to 1\, and\ | are

0 40 30 120 very different,\* is close to the shorter one that can be very

tP (nm) short. This is the case for permalloy and partly explains the
y difference with cobalt wherg is small and the shorter mean
FIG. 7. CPP-GMR vy layer thicknessestf,) atT=77 K for free_ path .not much shorter than the larger ones. More quan-
Py(tp,)/CU10 nm/Py(tp,)/CU100nm (open circles and titatively, in a free-electron model,
Py(tpy)/Cu(10 nm/Py(tp,)/Cu(500 nm (closed squargsmulti-
layered nanowires. Full line is a fit of experimental data using Eq. N* . p* = m-vg ©)

(©). =z
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wheren is the total number of conduction electrofspin | and the regime where, fa?y layer thicker than the SDL of
and spin|) andv is the Fermi velocity. A straightforward Py, the MR ratio is proportional to the rati6{{"/tp,. Two
calculation with one electron per ator(s band, ppy important results are derived from the analysis of our experi-
=26.3ulem [from  pf =pp,/(1-B%) with pp, mental data in the VF modét:(a) Both the bulk and inter-
=12.3u) cm, 8=0.73 (Ref 18] leads to face scattering spin asymmetry coefficieftand y, are large
in Py:0.7< B, y<0.9; (b) The SDL in thePy layers,/ {7
=4.3=1 nm, is much shorter than in cobalt or in noble met-
The spin relaxation time; is controlled by the spin orbit als.
part of the scattering. In first approximation, we have as- Both results are in good agreement with recent findings
sumed that the scattering Ry at 4.2 K is essentially that of py Steenwylet al. 18 from measurements on spin valves, i.e.,
Fe impurities in Ni and that the ratio of the spin-flip scatter- s5—0.73, ,=0.7, /®V=55+1nm. The large value oB,
ing to the non-spin-flip scattering hasztgse same value as fc!%lrger than in C(i,B 0.36+0.04(Ref. 18] confirms that the
Fe impurities in Cu, i.e.f=1.125<10 and we find contribution from bulk scattering is important Ry-based
A* multilayers and, in fact, explains the large MR effects we
N~ 72212 nm observe inPy/Cu compared to Co/Cu. More quantitatively,
by comparing the interface and bulk additive contributions to
and, from Eq.(9), the square root of the MR ratio in the inverse of Ef, we
(ca find that the interface contribution is larger fey layer thin-
st ~9.2 nm. ner than 3.6 nm, while the bulk contribution is predominant

This value is about twice the experimental one, but it isfor thicker layers.

satisfying to find the right order of magnitude. A similar ~ The very short SDL we find ifPy, in agreement with a

calculation for Co, withpZ,=6.6.Q cm (Ref. 29 and  Previous similar result by Steenwyk al,*®is not surprising.

r=1.2x10 2 as estimated for Co impurities in GRef. 2§  An approximate calculation of the SDL iRy, based on the

leads to{{*~36 nm. spin-flip cross section of Fe impurities determined by ESR,
The shorteness of the SDL Ry has other implications leads to a value of the SDL of the same order of magnitude,

than in the problems of the CPP-GMR, since it is also armuch shorter than in cobalt and noble metals.

important parameter for the spin switch introduced by

Johnsof and other devices based on spin injection effects.
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