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Analysis of scattering lengths in Co/Cu/Co and Co/Cu/Co/Cu spin-valves using a Ru barrier

G. J. Strijkers, M. M. H. Willekens, H. J. M. Swagten, and W. J. M. de Jonge
Department of Physics, Eindhoven University of Technology (EUT), P.O. Box 513, 5600 MB Eindhoven, The Netherlands
(Received 8 April 1996

We use uncoupled Co/Cu/Co and Co/Cu/Co/Cu spin-valve structures with a Ru barrier shifted through the
top Co and Cu layer, respectively, to measure the longest of the electron mean free paths in Co and Cu as
originally suggested by Parkin. From semiclassical transport calculations and careful analysis of the magne-
toresistance data we conclude that the exponential behavib6&ak uniquely related to the longest of the Co
and Cu mean free paths under the condition of effective spin-dependent filtering at the interfaces or in the bulk
of the Co. In this regime we have compark™ in Co and Cu with bulk conductivitiegx\3""4-\'on9),
yielding no strong evidence for bulk spin-dependent scattering if 8@163-182@06)02037-]

[. INTRODUCTION tial bulk spin-dependent scattering at room temperature.
In this paper we will try to provide a more theoretical
It is quite generally accepted that the giant magnetoresidaasis for this method by analyzing the transport properties of
tance(GMR) effect in spin-valves and multilayers finds its spin valves with a shifting Ru barrier through the uncoupled
origin in spin-dependent scattering, i.e., different scatteringerromagnetic layer with the Boltzmann transport equation.
rates for spin-up and spin-down electrons. However, whethel? particular we will investigate with model calculations
this spin-dependent scattering occurs predominantly at th&/hat parameters determine the characteristic length gcale
interface or in the bulk of ferromagnetic layers, is one of theobserved in experimental data. It will be concluded that
most prominent fundamental issues in studies on GMR. indeed can be used as a fingerprint XF9, however not by
In particular for Co/Cu systems it is not clear whether@ simple equality as suggested by Parkin. Experimentally,
spin-dependent scattering occurs mainly in the bulk, or at th&arkin applied the method to a number of alloys and Co only
interfaces of the magnetic layers. Several experimental agfit room temperature, whereas we have concentrated on el-
proaches have been followed to shed a light on this issue. IBmentary spin-valves consisting of Cu and Co, in which we
one type of experiments the interfaces are changed by addirftjst verified the efficiency of the diffusive scattering at an
thin layers at the Co/Cu interfacker by intentionally en- e€mbedded thin Ru layer. Thereafter, the temperature depen-
larging the diffusion at the Co/Cu interfaces by annediihg dence of the evaluated Co and Cu scattering lengths and
or during depositiofd.” In most of these studies the impor- conductivity are used to address the role of bulk spin-
tance of the Co/Cu interfaces for the giant magnetoresistancéependent scattering.
effect is emphasized. In other experimental studies the GMR
is studied as a function of the thickness of magnetic and
nonmagnetic layerd? leaving the Co/Cu interfaces un-
changed. However, experimental verification of the scatter- All samples were grown at Philips Research Laboratories
ing asymmetry for spin-up and spin-down electrons is usuby dc magnetron sputtering. The samples were prepared at
ally indirect via fits with models such as the resistor networkroom temperature on Siubstrates in an Ar plasma atmo-
model® models based on the semiclassical Boltzmann transsphere. Resistivity measurements were made in standard
port equatioft and the quantum model of Zhang, Levy, and four-point contact geometry with the current in the plane of
Fert!? Due to the large number of input parameters the conthe sample. A superconducting quantum interference device
clusions obtained are often questionable. magnetometer is used for magnetic characterization of the
Recently'® Parkin proposed a more straightforward samples. X-ray-diffraction measurements sholetl] tex-
method to determine if bulk spin-dependent scattering, repture of the Co and the Cu layers.
resented by an asymmetry in the mean free p&i‘?‘i@ and Several series of spin-valves were grown. A first series of
\S"%for spin-up and spin-down electrons, plays an importanspin-valves was grown to test the effectiveness of the Ru
role in ferromagnetic materials such as Co. It was suggestelarrier layer. This series has the composition(Z0 A)/
that in a spin-valve, with a thin highly resistive Ru barrier Co(75 A)/Ru6 A)/Co(25 A)/Ru(dg, A)/Cu30 A)/Ru(dg,
layer shifted through one of the magnetic constituents, thé\)/Co(100 A)/Cu(10 A)/Ru(30 A), with dg,, in the range 0-6
GMR ratio is proportional to +exp(—t/¢£), with t the posi-  A. A second series was designed to probe the longest of the
tion of the Ru layer an@ a characteristic length. Since the mean free paths in Co with the following composition:
position of the Ru layer determines how far electrons mayRu(200 A)/Co(75 A)/Ru(6 A)/Co(25 A)/Cu(30 A)/Co(250
propagate into the ferromagnetic layéiis suggested to rep- A)/Ru(30 A). A 2 A Ru layer was incorporated at various
resent the longest of the mean free patf&%. Subsequently, positions in the C250 A) layer. The Ru barrier was chosen
the comparison of'°"in various magnetic and nonmagnetic 2 A thick because a thicker Ru layer, which might be a more
systems such as Co, e g, CuggAu, with their bulk con-  effective barrier, resulted in antiferromagnetic coupling be-
ductivity (A3"°"4+)\'°"9) provided no evidence for a substan- tween the two parts of the €260 A) layer separated by Ru.

II. EXPERIMENTAL
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290 L g parallel state of all magnetic moments for fields higher than
© approximately 0.5 T. As can be seen in Figb)] the anti-
i parallel alignment of layeM?2 andM 3 leads to an increase
2,881 Y , Y , o o in resistivity which amounts to 2% in this specific example.

The essential feature of the second and third series of
Field (T) spin-valves, used for the determination)t", is the shift-

ing Ru barrier layer. We define a barrier as a layer which
diffusely scatters electrons and transmits no electrons. To be
sure that we have fulfilled this condition we have checked

A)Ru(30 A), with a Ru barrier layer incorporated at positior40 : ; : :
. ' . L . the properties of the barrier layer by adding thin layers of Ru
A'in the Cq250 A) layer. The inset shows a magnification in which at the interfaces of the Co/Cu/Co spin-valves. Figure 2

the arrows indicate the relative orientation of the magnetic moments - ) - . .
. ) Shows the GMR ratio for the first series of spin-valves with
of the Co layers(b) Corresponding sheet resistand@) versus

. , . o : e basic composition @25 A)/Ru(dg, A)/Cu(30 A)/Ru(dg,
:giifégve;thﬁF?'in(tGmigge:)?éeSIStance ratio is defined as GMF%?)/CO(lOO A) as a function of the thickness of the Ru layers
a RaTR TR mapTEap dgy. By adding ony a 2 A thick Ru layer at the Co/Cu

A third series, designed to probe the scattering lengths in cinterfaces of the spin-valve, the GMR ratio decreases by
has the composition: RR00 A)/Co(75 A)/Ru6 A)/Co25  More than a factor 20 from about 6 to 0.25 % and then satu-
R)ICcu30 A)/Co25 A)/Cu300 A/RuUB0 A), with a 5 A Ry rates at about 0.15% for thicker Ru layers. This clearly dem-
layer at various positions in the G300 A) layer. Single Co  ©nstrates that Ru is very effective in blocking electrons and
and Cu layers were grown with the composition: (&20 that Ru is an excellent candidate for a barrier layer. At this
R)ICo(de, A)RUB0 A) and RU200 A)/Cu(de, A)Y/RuE0  Pointwe would like to note that the bottom part of our ;tack
A), with de,=250, 500, 1000, and 2000 A, angs,=2000, Of layers, C675 A)/Ru6 A)/Co(25 A), also forms a spin-
4000, 8000, and 10 000 A. The R00 A) base layer ensures valve, and this produces the small saturation GMR ratio of
equal texture as for the spin-valves. The(BwA) top layer 0.15%. This background contribution will be neglected in the

prevents oxidation of the Co and Cu layers. following (see also Ref. )6 .
Subsequently, we have measured the transport properties

of the Co/Cu/C{/Cu) structures as a function of the position
of the Ru barrier layer(second and third series of spin-
To understand the magnetic behavior of the samples wealves. In the left panel of Fig3 a typical result of the sheet
consider the basic composition of the series of spin-valvesconductivity G, the differential conductivityAG, and the
M1/Ru6 A)YM2/Cu30 A)/M3, with M1=Co(75 A), M2  GMR ratio are plotted for the second series of spin-valves,
=Co(25 A), andM3=Co(100 A), Co(25 A) or Ca250 A),  composed of Co/Cu/Co wita 2 A Rubarrier shifted through
which is the spin-valve designed by Willekeesal® Figure  Co. The sheet conductivit@ in antiparallel alignment of the
1(a) shows a typical magnetization curve at room temperamagnetic moments in the spin-vali@,,) and parallel align-
ture. In low fieldsM1 and M3 will align parallel to the ment (G,) first decreases and then increases as a function of
applied field, and because of the antiferromagnetic coupling, which might seem somewhat confusing as the total thick-
with layer M1, layer M2 will align antiparallel to the ap- ness of the stack of layers is constant. However for the layer
plied field, essentially without coupling with 3 across Cu. thickness regime discussed here, mean free paths are re-
This is one of the key elements of our spin-valves, as a shifstricted by the boundaries of the layers and hence also by
of a Ru barrier through layeM 3 will not affect the degree of diffusive scattering introduced by the Ru barrier layer, which
antiparallel alignment of layev2 andM 3. At higher fields leads to the observed minimum @ when the barrier is
M2 will rotate towards the field direction, which ends in a roughly in the middle of the spin-valve. More important for

FIG. 1. (a) Magnetization curve of the sample with the compo-
sition Ru200 A)/Co(75 A)/Ru(6 A)/Co25 A)/Cu(30 A)/Co(250

lll. RESULTS
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FIG. 3. Experimental results at=300 K of the conductivityG,
the differential conductivitd G and the GMR ratio as a function of
the Ru barrier layer positiohfor the spin-valves R@00 A)/Co(75 0 . . . . . .
A)IRu6 A)/Co(25 A)/Cu(B0 A)/Cot A)Ru2 A)/Co(250-tA)/ 0 50 100 150 200 250 300
Ru(30 A) (left pane) and the spin-valves RR00 A)/Co(75 A)/ £ = Ru position (A)

Ru(6 A)/Co(25 A)/Cu(30 A)/Co(25 A)/Cut A)/Ru(5 A)/Cu(300-t
A)Ru30 A) (right pane). The solid line indicates an exponential

fit oc1—exp(—t/g). FIG. 4. AG as a function of the Ru barrier layer (a) Co/Cu/Co

and (b) Co/Cu/Co/Cu spin-valves for different temperatures. In

L . . each figure the characteristic lengthas derived from exponential
the determination of the mean free paths in Co and Cu is thgg (solid lineg are shown.

behavior ofAG. Upon an increase dfthe differential con-

ductivity AG increases and finally saturates. We have illus-behavior as for the Co/Cu/Co spin-valves, with a minimum

trated this in Fig. 3 by schematically drawing the imaginaryin the conductivity for intermediate values of Next, AG

trajectories of electrons. Due to spin-dependent scatteringicreases as a function ofand althoughAG does not satu-

(represented by a syahe mean free path is smaller for spin- rate completely we can identify an exponential behavior

down than for spin-up electrons. However, the spin-up eleceemonstrated by the exponential fit A (solid line). For

trons will be scattered by the Ru barrier which is most effect=0 A it is observed that the differential conductivityG

tive when the barrier is located near the Co/Cu interface. Ahas an offset, which we attribute to the Co/Cu/Co part of the

higher t, however, spin-up electrons may experience theirsample. The GMR ratio clearly decreases at latgdue to

full bulk mean free path and then the difference in spin-upthe increase irG,,.

and spin-down conductivity and henaés is maximal. The In Fig. 4b) we have plottedAG as a function of the

increase shows exponential behavior as is demonstrated wigiosition of the Ru barrier layer fof = 100—300 K. Unfor-

the fit of AG (solid line). Finally, becausés, and G,, are  tunately, the exponential fits, denoted with the solid lines in

roughly constant, the GMR ratio shows similar behavior asFig. 4(b) resulted in a characteristic lengti§swith a large

AG. At highert, however, the GMR ratio decreases becauserror (larger than 13% to almost 30% fdr=100 K, in com-

of the small but noticeable increase®f,. In the following  parison to an error of approximately 10% for the Co/Cu/Co

we therefore fin G and not the GMR ratio with an exponen- spin-valves. Therefore, we restrict ourselves to the experi-

tial expression. mental data forT=250 and 300 K, for which the error is
In Fig. 4@ AG is presented as a function of the position acceptable. We think that part of the error is caused by the

of the Ru barrier layer at several temperatures between fact thatAG is not completely saturated at maxinmalvhich

and 300 K. For each temperature the figure is supplementeskplains why the error decreases with increasing tempera-

with a solid line which is a fitc<1—exp(—t/§), yielding the  ture, as the high temperatufeG seems almost saturated in

characteristic lengtl¥ as a function of temperature which contrast to the low temperatuteG.

will be analyzed later on. The last part of the experimental results deals with the
In the right panel of Fig. 3 we present room temperatureconductivity of the single Co layers for temperatures be-

measurements d&, AG, and GMR ratio for the third series tween 10 and 300 K and the single Cu layers for the tem-

of spin-valves, composed of Co/Cu/Co/Cu, as a function operatures 250 and 300 K. In Fig. 5 the sheet conductivity of

the positiont of the shiftirg 5 A Rubarrier through Cu. We  the single Co and Cu layers is plotted as a function of thick-

will refer to the top Co layer as thiiter layer and to the Cu ness. The macroscopic conductivity is determined from the

layer as theback layer, a concept originally introduced by slope of the sheet conductivity as a function of thickness. For

Gurney et al1* First, the sheet conductivity shows similar the Cu single layers, which varied in thickness between 2000
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FIG. 5. Sheet conductivit as a function of layer thickness of 2
= Ru position (&) ¢t =Ru position (A)

(a) single Co layers antb) single Cu layers. The slope of the sheet
conductivity as a function of layer thickness, as indicated with the

dashed lines, is the macroscopic conductivity. FIG. 6. The left panel shows Camley-Barnas calculatiorfs pf

AG, and GMR ratio for the model spin-valve @5 A)/Cu(30 A)/
Cot A)/Ru2 A)/Co(250-t A), with 0<t=<250 A for \},=50,
100, and 150 A. The input parameters in the modehagg=200 A,
AefMEo=10, TLyei=1, Téoc=0.2. The right panel represents

and 10000 A, a fit of the sheet conductivity with a linear
equation, indicated by the solid lines in Fig. 5, resulted in

] _ _1 _
conductivities o¢,=0.71 () cm) for T=250 K and Camley-Barnas calculations @,, AG, and GMR ratio for the

— -1 — H
UCU_O'SS('“Q_ cm) ,for T_3_OO K. For the single Co layers ;e spin-valve C@5 A)/Cu(30 A)/Co(25 A)/Cut A)/Ru5 A)/
however, which varied in thickness between 250 and 200@,300-t &), with 0<t<300 A for Aey=200, 300, and 400 A.

A, the slope of the sheet conductivity as a function of thick-ne input parameters in the model arg,=100 A, A,=10 A,
ness is not constant. This is probably caused by boundary
effects for smaller thickness as the mean free path for Co is
in the range of the thickness of the layers. We have therefore . .
fitted only the larger thicknesses, indicated by the solid Iines,parem we ha_lve performed model calculations on two spin-
where the slope of the sheet conductivity as a function of th%alves in which we ignore Ru base and cap layers and the

(TZOICu: 1, Téo/Cuzo-z-

Co thickness becomes nearly constant. As a typical result w o/Ru EI&S layers. The first has the comp_osmor(ZSoA)/
have foundog,=0.096 (x0 cm)* for T=300 K. u(30 Ay/Calt A)/Ru(Z A)ICo(250-t A), with 0<t<250
co A, and the second is composed of(€5 A)/Cu(30 A)/Co(25

A)icut A)/Ru(5 A)/Cu(300-t A), with 0<t=<300 A. In the
following we will refer to the first model spin-valves as Co/

In this paper we use a semiclassical calculation based oft/Co and to the second as Co/Cu/Co/Cu spin-valves. As a
the Fuchs-Sondheimer extension of the Boltzmanrftarting point we will adopt parameters which are known
equation'® that was applied initially by Camley and Barfhs from literature to be reasonable valuészor the Cu mean
to calculate the conduction and the GMR ratio in spin-valvedree path,=200 A is taken and a spin-dependent Co mean
and multilayers. We will refer to this model as the CB free path ratio\bg\¢,=10. Spin-dependent scattering at the
model. In subsequent studté§®it was shown that, al- Co/Cu interfaces will be modeled with spin-dependent trans-
though the CB model is not designed to predibtinitio the ~ Mission coefficientsT £, c,=1 and T¢ge,=0.2. For Ru we
magnitude of the GMR ratio, the experimental behavior ofadopt a mean free patty,=0, representing the fact that Ru
AG and GMR ratio on ferromagnetic and nonmagnetic layers @ barrier layer for electrons.
thicknesses can be described qualitatively very well. In view
of this, we will apply the CB model to investigate under
what conditions theualitative experimental behavior of the A. ColCu/Co
differential conductivityAG can be used to extract the long-  The left panel of Fig. 6 shows the calculations of the
est of the mean free paths in Co and Cu. parallel sheet conductivit$s,, the differential conductivity

The input parameters in this model de the mean free AG=G,—G,,, and the GMR ratidA G/G,4, as a function of
paths of the different metals in the spin-valveg,, A¢c,, and  the position of the Ru barrier laydr for the first model
A\ru, (b) probabilities of coherent transmission, specular resspin-valve. As this spin-valve was designed to probe the
flection and diffusive scattering, R, andD at each inter- longest of the Co mean free pathg,, was varied from 50 to
face, and(c) the Fuchs specularity factgr at the outer sur- 150 A, which is in the typical range of mean free paths for
faces. Bulk spin-dependent scattering in the Co layers i€o as reported in the literatufélhe Cu mean free path was
modeled via spin-dependent mean free paths=\""9 and  kept at a constant value,,=200 A. The calculated conduc-
A=A Interface spin-dependent scattering at the Co/Cuivity G,, the differential conductivityAG, and the GMR
interfaces is modeled by spin-dependent transmission coeffiatio are in perfecigualitative agreement with the experi-
cients TS, o, and Téy . At the barrier and at the outer mental results of the Co/Cu/Co spin-valves presented in the

IV. MODEL CALCULATIONS

boundaries we will assume that there is no reflectier0, left panel of Fig. 3. As anticipatedG increases exponen-
p=0), which are both reasonable assumptions as we havally with a characteristic lengtly and the plot is supple-
shown that Ru is a good diffusive barrier. mented with the quotient ofl, and & We find that\), is

To make interpretations with the CB model more trans-typically about a factor of 2 higher thaf
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We can understand the exponential behavioA6f in a . : .
more direct way from the analytical expression for the dif- @ )
ferential conductivity

32

1

AG«FEH J yxd%f[gg(vz,z)—ggp(vz,z)]dz, (1)

[

0
200 300 400 500 600 0.0 02 0.4 0.6 0.8 10

Acy ) PREVN
which shows that there is a linear relationship between the * © @ !
macroscopic measurable quantiyG and the distribution 3 el
function g. Because the Boltzmann transport equation iS @ w | o _———e——e——¢ TS SOOI o S
first degree differential equatiog, is exponential, and con- ——T-1. =0

1 —e TP =1, TV =05 I

sequentlyAG will also show exponential-like behavior. If
we neglect the various angles of incidences of the electrons — ° = w0 5 15 5 %6 25 60 0z 04 06 05 10

with respect to the normal to the plane of the layers, then one Ao ) Mo/ Mo
can easily derive thak G 1—exp(—t/\ },) for the case that
A&, is much smaller tham)s,. If we include the integration FIG. 7. Variation of several parameters in the CB model calcu-

over positionz and velocity », AG behaves roughly as lations on the ratiev=\t/é and B=\c/é. As a starting point we
1—exp(—t/£) with )\TCO/§~2 as seen in Fig. 6, which can be have adopted the following mean free paths and transmission coef-
understood from geometrical arguments; the effective thickficients:xcy=200 A, \&=100 A, \g=0 A, Teoiou=1, Teorcu=0-
ness seen by the conduction electrons in zhdirection is (@ Impact of a variation ofc, on « for the Co/Cu/Co model

about a factor of 2 smaller than their mean free path becauscé)in-valves.(b) Relationship betweer and the bulk scattering ra-

of the various angles of incidences. tio )\(i;c/)\l;o for the Co/Cu/Co spin-valves in case of significant in-

One of the main goals of this paper is to test to Whatte.rface Spin'deper.‘dem Scatte.rm”d circles, imermediate(()pen .
extent bulk spin-dependent scattering in Co plays an import-”angleg’ a_nd no interface spln-dependt_an_t scattsnng at Co/Cu in-
tant role in the GMR effect, and therefore our interpretationte'rfaces(SOIId squares (c) Impact of a variation ohg, on 4 for the
! Co/Cu/Co/Cu model spin-valvegd) Relationship betwee and

. T .
of ¢ being a measure fokc, must be independent of the . i scattering rating /A%, for the Co/Cu/Co/Cu spin-valves in
degree of bulk or interface spin-dependent scattering presefikse of significant interface spin-dependent scatteriaglid
in our samples. Therefore we will calculate the influence Ofcircles), intermediate (open triangles and no interface spin-

nonperfect filtering of spin-down electrons at the Co/Cu in-gependent scattering at Co/Cu interfa¢ssiid squares

terfaces and the influence of the degree of bulk scattering on

the quotienta=\¢/é. We also consider the influence on @ From Fig. 7 we conclude that, when there is a significant
variation of the magnitude ofc,, as a variation with tem- - amount of spin-dependent scattering either at the Co/Cu in-
perature of the mean free path of the Cu spacer layer mighgfaces or in the Co bulké is a constant measure for the

affect the penetration depth of electrons in Co and cons@pngest of the mean free paths in Co, independent of the Cu

quently €. _ . mean free path and the Co mean free path for spin-down
In Fig. 7(a), first the dependence af on the variation of  gjectrons.

the Cu mean free patky, is shown. Upon an increase ®§,,
from 200 to 600 A, the ratia only slightly increases. Intu-
itively, we suggest that when electrons are not much dis-
turbed in crossing the relative thin spacer layer, because of For the Co/Cu/Co/Cu model spin-valve we also have cal-
the long scattering lengths of electrons in Cu, a variation otulatedG,, AG, and the GMR ratio as a function of the
Acy does not influence our interpretation §fWe are confi-  position of the Ru barrier laydr (right panel of Fig. 6. As
dent that this is the case for our spin-valves as our Cu spacéhnis spin-valve was designed to probe the mean free path of
layer is only 30 A thick. Cu, we have variedc, between 200 and 400 A. In general
Figure 1b) shows the variation o as a function of the we conclude that the calculated conductiv@@y, the differ-
ratio N\s/NSo, Which in fact represents the amount of bulk ential conductivity AG and the GMR ratio are in perfect
spin-dependent scattering present in Co. The raighl, qualitative agreement with the experimental results of the
also represents to what extent spin-down electrons are filco/Cu/Co/Cu spin-valves presented in the right panel of Fig.
tered in Co. First we consider the caselid circleg of sig- 3. We find thad\¢,, is typically about a factor of 2 higher than
nificant amount of spin-dependent scattering at the Co/Cy¢ for similar reasons as discussed in the foregoing para-
interfaces described by the transmission coefficientgraphs. Again we have calculated the influence of various
Téoei=1 and T, c,=0. Starting from our initial value of parameters in the CB model on the quoti@¥t\,/&.

B. Co/Cu/Co/Cu

Ae/NGo=0, we see that an increase o /A, from 0 to 1 In Fig. 7(c) the dependence gB=\c /¢ is shown as a
has almost no influence on the ratio At an intermediate function of the longest of the mean free paths in Co. As the
scattering asymmetryT 5,c,=1 and T&.,c,=0.5 (open tri-  longest of the mean free paths in Co becomes larger com-

angles, ¢ still appears to be a good measureXgg. Only in  pared to the thickness of the back laygrincreases slightly.

the situation of no spin-dependent scattering at the Co/Céigure 7d) shows the dependence gfon the ration /A5,
interfaces (solid squares « significantly decreases from which represent as mentioned before the amount of bulk
about 2 to approximate 1.2 upon an increasa gftowards  spin-dependent scattering. We have discriminated three
\&,, and in this regimé is no longer a valid measure for the cases; the firsi(solid circle$ with significant amount of
longest mean free path. Co/Cu interface spin-dependent scattering, represented by
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FIG. 8. Characteristic length as measured in our structures as  FIG. 9. The longest of the mean free paths for Co and Cu as a
a function of temperatur@pen circlesand comparison with litera- ~ function of the conductivityo, with the solid line representing a
ture results from DienyRef. 8 (solid circles, Parkin (Ref. 13 linear fit of the data points of both Co and Cu. The dashed and
(solid squarg and Gurney(Ref. 14 (open trianglé The scale at dashed-dotted lines are based on the Drude model; the dashed line
right representa {, obtained by multiplication with a factor of 2 to  represents maximal spin asymmetry""=0), whereas the dashed-
take into account the angle dependence of the electron trajectorigitted line represents the absence of bulk spin-dependent scattering
as discussed in the text. (AShort=\long)

Téoc=1, Teoe=0, the secondopen triangleswith inter-  and Cu. This is well known for Cu, and although Co pos-
mediate (TSyc=1, Téoc=0.5, and the third (solid  sesses a more complicated band structure, transport in Co is
squareswith no Co/Cu interface spin-dependent scatteringdominated by free-electron-like behavior as we#' we
From Fig. 7b) it is clear that in case of large interface spin- may expect that a large asymmetry in the bulk scattering
dependent scattering or bulk spin-dependent scattérisgt  lengths of CoA*"*"<\'"%) would be manifested in a differ-

perfect measure faxc,,. ent proportionality or slope when Co is compared to Cu
(\She=)\'°"9) . Figure 9 presents the measurkgl, and Ag,
V. DISCUSSION ()\'(‘;)Q%L) versus the macroscopic conductivity as determined

) ) ] (see Fig. 5from the separate single layers. It is clear that the
From the Ca|Cu|atI0nS W|th the CB mOdel It fo”oWed that da‘[a for Co and Cu near|y Coincide oh one Sing'e ['M|d

there exists a proportionality of approximately a factor of 2jine in Fig. 9 and from this we conclude that within our
betweené and A&, or A, provided that one of the current experimental accuracy, which is rather limited for Cu, we
channels is sufficiently filtered due to a considerable spinfind no evidence for significant bulk spin-dependent scatter-
dependent scattering in the bulk of the ferromagnetic layer oing in Co for the covered temperature regime. We can sub-
at the interface. If this condition is not satisfied, the characstantiate this by the fact that the slope of the data is rather
teristic length¢ also contains, at least partially, the shortestclose to Drude’s formula =ne®/omu; (dashed line in Fig.
of the mean free paths. However, from several std@ié&it ~ 9), when AS""=\""%, We ascribe the deviations from this
has become clear that there exists a large bulk and/or intetheoretical line to the use of electron density,=8.45x 10°*
face scattering asymmetry, especially in Co/Cu based sy$m ° and Fermi velocityv;=1.57<10° cm/s of bulk Cu,
tems. Therefore we feel confident that we may intergras ~ Which may be different for thin films. We also have plotted
being uniquely related to the longest of the mean free pathi Fig. 9 Drude’s equation in the limiting case of large bulk

; in-dependent scattering™=0 A (dashed-dotted line in
as suggested in Ref. 13, although our data on Co and Cu d&? pena 3 T
not contain straightforward quantitative evidence for suffi-F9- 9- P arkirt® has found similar results from the study of
cient spin-dependent filtering of the electrons. In Fig. 8 theRU barriers in exchange biased spin-valves. He observed that

longest of the Co mean free paths is estimatedivig=2¢ the proportionality constant betweai"® and the conductiv-
. : o : ity in nonmagnetic alloys like GigAu,o and CypAug, is es-
(open circleyand is shown to decrease with increasing tem sentially the same as that found in the structures with ferro-

perature, in agreement with a lower conductivity due to 'n'magnetic Co and alloys such as gl and Ni,COgg,

creasing phonon scattering at higher temperatures. The ﬁguWhich leads to the conclusion that for all of these materials
is supplemented with data oblaained by ParKimieny and SO\ Iong aithough this refers to room temperature only.
c_o-\{vorkersz,'s and Gurneyet al." who have determined in @ The gaphsence of a considerable bulk spin-dependent scattering
similar way a characteristic length from magnetoresistancg; in striking contrast with Gurnegt al'* who reported a
measurements on related structures. We think that the ol <6 A from analysis ofAG as a function ofi., in backed
served discrepancies are a consequence of the growth condpin-valves of the basic composition @g, A)/NiFe(20 A)/
tions of the samples, which may have obviously a considercy(23 A)/NiFe(50 A)/FeMn(80 A). However, meaningful
able impact on scattering lengths. and quantitative comparison with these results is difficult,
We will now concentrate on the role of bulk spin- because in their analysis the impact of averaging over all
dependent scattering which does not depend on the magnélectron angles was not recognized, which leads to a too
tude of the derived mean free paths but rather on the propocrude simplificatiorA G 1—exp(—t/\'°"9),
tionality betweer\'®" and the macroscopic conductivity, as  Although the CB model is only applicable to low tem-
argued by Parkin. The conductivity in the relaxation timeperatures, the proposed analysis of our data at higher tem-
approximation is proportional to the sum pf'°*and\'®"9,  peratures and the room-temperature data in Ref. 13 may still
when we assume a free-electron-like conduction band for Cbe valid provided that the additional scattering processes do
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not mix up the spin-up and spin-down current channels. Thevhich demonstrates a constant layer quality although we did
Boltzmann equation should then be supplemented with aot check this separately, for instance by visualization of the
term containing a spin-mixing relaxation timsg , which  grains.

complicates a straightforward interpretation $fs a mea-

sure for\'®"%, However, in Co/Cu no evidence was found for VI. CONCLUSIONS

. . _ - . Y22 ._
substantial spin-flip scattering;??and therefore the determi In conclusion, we have investigated the giant magnetore-

. T . . . _
hation OfA¢, andig, via the analysis presented_ in the fore sistance behavior of uncoupled Co/Cu/Co and Co/Cu/Co/Cu
going paragraphs can be safely extended to higher tempera-

tures. For other ferromagnetic materials the role of spin-fli ppin-valves with shifting Ru barvier through the top Co and

p . . . .
scattering should be separately considered in view of th(ra_(?1 l; J:{g;’cf;?scg\ézlyéa\:\:g; w:spii/?/eglft;g? tsgrgflﬁiselﬁfilgl
analysis of the mean free paths. y P

At this point we focus again on the proportionality factor behavior of the differential conductivitkG as a function of

long ; the Ru barrier layer is uniquely related to the longest of the
2Iotr)1§t-weerf and-)\c":c”' AS argued.before, the magnitude of mean free paths in Co and Cu, provided there exists signifi-
A" is not crucial in the comparison of the longest of the

mean free paths in Co and Cu with bulk conductivities, pro-.Cant filtering of spin-down electrons in the bulk or at the
interface of Co.

vided that the proportionality factor is the same for both the Under this assumption we have determined the longest of

Co/Cu/Co and the Co/Cu/Co/Cu structures. We have seen i,[rp1e mean free paths in Co and Cu at various temperatures
Fig. 7 that deviations fromg=2\'""% occur when electrons R b '

. |0ng . e age .
are not completely filtered at the interface of the Co Iayers_Comparlson o™’ with bulk conductivities obtained from

! : S separately grown films of Co and Cu, yields no evidence for
However, this would result in an overestimation of the Iong-Si nificant bulk spin-dependent scattering in the ferromad-
est of the Co mean free paths and an underestimation of th 9 P P 9 9

e,
Cu mean free paths, and consequently our result o'f'etlc Co layer.

AShO<\'°"9 (within experimental accuragyepresents an up-

per limit for the bulk scattering asymmetry. Also the deter-

mination of AS"°"+\°"9 via the bulk conductivity may be We would like to thank H. T. Munsters and H. C. Donker-
subject to errors in the interpretation. In order to excludesloot from Philips Research Laboratories for sample prepa-
boundary effects, we have determined the bulk conductivityration. The authors also would like to thank J. J. P. A. W.
of Co and Cu from singlehick layers of Co and Cu. An Noijen and G. W. M. Baselmans for technical assistance, and
extrapolation of this bulk conductivity to thin layer conduc- G. L. J. Verschueren and W. Versteeg for magnetoresistance
tivity is not correct if layer quality or grain siz€schange measurements. The work of G.J.S. was supported by the
drastically with layer thicknesses. However, in Fig. 5 we sed~oundation for Fundamental Research on Matfe®M).

that the conductivity scales linearly with thickness, at leastThe research of H.J.M.S. was supported by the Royal Neth-
for large thicknesses where boundary effects play no rolegrlands Academy of Arts and ScienddNAW).
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