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We have carried out measurements of the magnetic-field dependence of the magnetorg¢SRadkin
the current perpendicular to the pla@PP mode for magnetic multilayers having the following configura-
tions: [ Fe/Cu/Co/Ciy and [Fe/Cuy[Co/Cu]y. The two configurations had the same number, types, and
thicknesses of magnetic and nonmagnetic layers; their only difference lay in the ordering of the magnetic
layers. Nevertheless, the measured (MRcurves are found to be completely different for the two configura-
tions. The implications of these results are discussed for the spin-diffusion 1¢68§th63-182899)00229-5

I. INTRODUCTION II. PREVIOUS WORK

A subject of recent interest in the study of magnetic mul- A similar study® was recently reported by Pratt and co-
tilayers is the magnetic-field dependence of the magnetorgvorkers at Michigan State University, using Co and Py as
sistancg MR(H)] in the current perpendicular to the plane the two ferromagnetic metals. These workefGhiang
(CPP mode, that is, with the current perpendicular to theet al*®) found that although they measured the magnetore-
plane of the layers:® Measurements of MRY{) are techni- ~ Sistance in the CPP mode, the resulting MiX(Curves were
cally more difficult in the CPP mode than in the currentcompletely different for the configuratiofi®y/Cu/Co/Cuy
in-plane (CIP) mode. However, there are advantages to thédNd [PY/Cul\[Co/Culy (denoted henceforth as “inter-
MR(H) data in the CPP mode. For example, a short electroff@ved” and “separated,” respectivelyFor measurements
scattering mean free path does not diminish MR(in the in the C,:PP mode, Chianef al. pointed C_M that one should
CPP mode, as it does in the CIP médeAlso, it has been obtain identical MRH) curves for the interleaved and the

suggestel that experimental values of MRY) in the CPP separated configurations. When this proved not to be the

mode can shed light on the spin-diffusion length. These im_case, they attributed their results to the short spin-diffusion

) - " length in Py.(Co is known to have a long spin-diffusion
portant features of CPP data for MRY provided the moti- length!) Analyzing their resistivity data within the frame-

vation for the present study. _ work of the Valet-Fert theor§? they obtainet?*® for Py a

As is well known, the phenomenon of the giant magne-gnin_giffusion length of about 55 A, a value so short as to
toresistance occurs because in ferromagnetic metals, tl‘iﬁ]my significant mixing between the spin-up and spin-down
spin-up electrons and the spin-down electrons have differenf|ectron currents. Chiang al. proposed that because of this
scattering rates. If the electron does not flip its spin uponspin flipping, the separated and interleaved configurations
scattering, then the spin-up and spin-down electrons constjsield different MRH) curves even though measured in the
tute two separate currents, with different resistivities, as ifCPP mode.
flowing in two parallel wires. At low temperatures, spin-flip ~ We here extend the work of Chiareg al. to other ferro-
scattering mechanisms may be assumed to be weak, and theagnetic metals that amot expected to have a short spin-
oretical analyses of MR{) have usually been based on this diffusion length. In particular, we used Fe instead of Py as
assumption. Therefore there is great interest in experimerthe second ferromagnetic metai addition to C9. Since the
tally examining systems for which electronsay flip their ~ spin-diffusion length of Fe is probably not as short as Py,
spin, in order to measure the corresponding change in thene would expect to obtain identicébr, at least, similar
values of MRH). CPP-mode MR) curves for the interleaved and separated

We report here the results of such a study. Measuremen@nfigurations. However, as already pointed out, this was not
have been carried out of the magnetic-field dependence §pund to be the case.
the magnetoresistance MRJ] in the CPP mode for mag-
netic multilayers having the following configurations:
[ Fe/Cu/Co/Cl and [Fe/Cuy[Co/Culy. These two con-
figurations are identical except for the ordering of the mag- The multilayers were grown in our VG-80M MBE facility
netic layers. Nevertheless, we found that the measuredsing a base pressure of typicalljk40 **mbar. Our CPP
MR(H) curves are completely different for the two configu- measurements used the superconducting Nb electrode tech-
rations. The implications of these results for spin-flip scatternique, developed in collaboration with Pratt and co-worRers.
ing are discussed. As in our previous CPP measuremehfghe superconduct-

Ill. EXPERIMENTAL DETAILS
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FIG. 1. Magnetic-field dependence for the magnetoresistanceHYIR{r interleaved multilayerstriangles and separated multilayers
(circles containing Fe and Co as the two ferromagnetic metals, for the following nuthbeaf layers:(a) 2; (b) 4; (c) 6; (d) 8.

ing equipotential ensures that the current is perpendicular to The most important feature of these data is the striking

the layers. We used a superconducting quantum interferenaifference between the MR{) curves for the two configu-

device based current comparator, working at 0.1% precisiomations, both in shape and in magnitude.

to measure changes in the sample resistance of ordef210 p  For eachN, the maximum value of MR{) is seen to be

In order to avoid driving the Nb normal, the CPP measurenearly twice as large for the interleaved configuration. More-

ments were performed at 4.2 K in magnetic fields below 3over, the MRH) curve for the interleaved configuration ex-

kOe. Consistency between the interleaved and separatéiibits a single peak, whereas for the separated configuration,

samples was enhanced by growing the two configurationthe MR(H) curve displays a double peak, with the two peaks

during the same growth run for each valueMof becoming better delineated for larger valuesNofThe posi-
The thicknesses of the ferromagnetic layers were chosetion of these peaks corresponds approximately to the coer-

to be 20 A for Fe and 50 A for Co, which allows a difference civity of the Fe(=~180 0@ and that of the Cg~700 Oa.

of about 700 Oe in the coercive field of the two materials.

The thickness of the no_nmagnetic_ layers was chosen to be V. DISCUSSION
200 A to ensure magnetic decoupling between the ferromag-
netic layers. The MR(H) curve for the interleaved configuration can

be understood. The coercive fields for Fe and Co are very
different. Therefore as the field increases beyond zero, the
magnetic moments of the Fe layers are rotated significantly
We have measured the magnetoresistance in the CRihile the direction of the Co moments is still almost un-

mode for the two configurationgFe/Cu/Co/Cly and changed. This leads to a large angle between neighboring
[Fe/Cun[Col/Cuy for N=2,4,6,8. The measured curves for ferromagnetic layers, which is the criterion for a large value
MR(H) are presented for the four valuesiin Figs. la—  of MR. This explains the initial rapid rise in MR{). Then,

(d). The triangles represent the MR) data in the “inter-  as the field increases still more, the Co moments also rotate,
leaved” configuratiorf Fe/Cu/Co/Ciy, whereas the circles and therefore there is a decrease in the angle between the
represent the data in the “separated” configurationmoments of a Co layer and the moments of the neighboring
[Fe/Cuy[Co/Culy. The lines were drawn to guide the eye. Fe layer. This explains the subsequent decrease inHR(

In each case, the saturation magnetic field was about 1 kOe. The results for the separated configuration are more diffi-

IV. RESULTS
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cult to interpret. Since the contribution to the resistance duéayers. Thus a8l increases, the effect of the boundary layers
to each layer addi seriesin the CPP mod&,one might becomes less important and the two peaks become sharper.
expect that the ordering of the ferromagnetic layers should The fact that these two configurations lead to very differ-
be of no consequence for the total resistance of the samplent results for MRM) was reported previously by Chiang
Nevertheless, it is clearly observed from the figures that thet al° using Co and Py as the two ferromagnetic metals.
order of the layers matters very much for the MB(curves.  They attributed the difference between the two configura-
The MR(H) curve for the separated configuration appearsions to the usually short spin-diffusion lengtss A) in Py.
to be the sum of two curves, with each curve being characyowever, this explanation seems less likely here, because the
teristic of MR(H) for a multilayer having only one type of gpin-diffusion length of Fe is not expected to be as short as
ferromagnetic metal—eith¢Fe/Cuy or[Co/Culy. Inother  py perhaps the observed difference in the MR(curves
words, the observed MR{) curve corresponds to the situa- petween the two configurations can be explained in terms of
tion in which the current through one type of ferromagnetiCinterfacia| Sp|n_f||p Scattering, because the magnetic-
layers has no connection with the current through the otheaonmagnetic interfaces are replete with surface spin waves,
type of ferromagnetic layers. Each current produces its oWRgyghness, disordered spins, etc. We are also examining the
MR(H) curve, with its own peak, and the observed MB(  possibility that nonlocal electron scattering may be impor-

curve is simply the sum of the two separate contributionstant. Further experiments and calculations are necessary to
Such a result would be expected if the spin-diffusion lengthyesolve this question.

were very short.

For the separated configuration, the delineation of the two
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