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Magnetoresistance of magnetic multilayers containing three types of magnetic layers
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The magnetic-field dependence of the magnetoresistanceHMRas been measured in the CPP mode
(current perpendicular to the planfor multilayers containing three different types of magnetic layers: per-
malloy Py(80 A), Co(10 A), and Co(70 A). These data clarify the role of the electron mean free path in
interpreting the MRH) curves. A critical discussion is given of the view that denies the role of the electron
mean free path for determining the MIR) curves.
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Interest in the giant magnetoresistan@MR) exhibited spin-flip scattering is not expected to be important. Never-
by magnetic multilayers has not abated since the effect watheless, we found very different MR() curves for the two
first discovered over a decade agbor the CPP modécur-  configurations, as had been found for every other choice of
rent perpendicular to the plane of the layetke theoretical magnetic layer.We attributed our results to the long elec-
model of Valet and Fetthas proved especially useful, and tron mean free path, which enables the electron to sample
has been very successful in explaining a wide variety of CPRt least two magnetic layers before being scattered. On this
GMR data® Recently, CPP magnetoresistance measurementssis, we explaineall featuresof the MR(H) curves, in-
have been extended to multilayers having two different typesluding the structure and position of every peak observed for
of magnetic layergdenoted 2M multilayeps The emphasis each configuration.
of these measurements has been the magnetic-field depen-Present noteOur interpretation of the MR{) curves for
dence of the magnetoresistance NH(*~° 2M multilayers was recently challengéf.Data were pre-

Interest has focused on the comparison between thesented that claimed to show that is irrelevant for the
MR(H) curves for a pair of 2M multilayers that diffemly =~ MR(H) curves. This claim will be refuted in this paper in
in the ordering of the magnetic layers. The pair of 2M mul-two ways. First, we shall show that the recent data do not, in
tilayers chosen for comparative study has the following confact, challenge our interpretation. Second, we present
figurations:[ M1/NM/M2/NM ] (interleaved configuration MR(H) curves for a type of magnetic multilayer that can be
and[ M1/NM]\[M2/NM]y (separated configuratipnwhere  explained in detaibnly if one includes the effect of.

M1 and M2 are the two different magnetic layers, NM is the  We have measured MR{() for multilayers having three
nonmagnetic layer, and N denotes the number of repeats. Thifferent magnetic layer&enoted 3M multilayens The im-
nonmagnetic layer is sufficiently thicitypically 200 A) to  portance of these new data lies in the fact that the NIR(
ensure that there is no coupling between neighboring mageurves for 3M multilayers exhibit a far richer structure of
netic layers. peaks, for both the interleaved and the separated configura-

In the simplest theoretical picture, one expects theions. Therefore, the 3M data constitute a much greater chal-
MR(H) curves to be independent of the ordering of the magienge in interpretation. Moreover, there are many additional
netic layers. However, it was found that the resulting MIR(  possibilities for the ordering of the magnetic layers in 3M
curves are very different for the two different multilayers, each yielding a different MRI) curve. A suc-
configurationé.~® The reasonfor this striking difference has cessful interpretation must explain all these differences. We
become the subject of controversy. shall show thatall the observed featuresf the MR(H)

BackgroundOne school of thought has proposed spin-flip curves for 3M multilayers find a natural explanation within
scattering as the reason for the difference in the measurafie model that emphasizes the importanceé. of
MR(H) curves for the two different configuratioff.t is Discussion.The physics that underlies the MR} curves
certainly true that spin-flip scattering will lead to differences.is the following. The scattering probability of an electron in
However, a successful interpretation of the data must explaia magnetic multilayer is determined by the angle between the
the detailed shape of the observed NMR(curve for each electron spin and the magnetic moment of the magnetic
configuration, including the number of peaks, their structurdayer. This angle changes as the magnetic field rotates the
(symmetric or asymmetrjcand the magnetic field at which moment of the magnetic layers. Hence MR depends on the
each peak occurs. Therefore, we believe that a different inmagnetic field H.
terpretation is required. Since\ is far longer than the thickness of the nonmag-

We recently measured MRY) for 2M multilayers, using netic layer® one cannot speak of the electron being scat-
Co layers of different thicknesses for the two different mag-tered by a single magnetic layer. Rather, one must consider
netic layers. Our choice was guided by the fact that Co is the electron as being scattered by the combined potential of
known to have a long spin diffusion lendthand, therefore, pair of neighboring magnetic layef8,with the contribution
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to MR(H) from each scattering event given by the cosine ofexp(—tcyce/A\cuged=€Xp(—1)=0.37. That is, 37% of the
the angle; ; between the moments of neighborifdgnoted  electrons will sample two neighboring magnetic layers be-
i andj) magnetic layers*'?The value of MRH) increases/ fore scattering, whereas 63% will be scattered within the
decreases as the angdlg; increases/decreases with magneticnonmagnetic layer.
field. Within the framework of the phenomenological modfel,
The interesting feature of 2M and 3M multilayers is thatit js straightforward to generalize the expression for MR(
more than one typef magnetic layer is involved. Therefore, to the case in which some of the electrons are scattered
the angles; ; between neighboring magnetic layers are veryyjithin the nonmagnetic layer while the rest are not. The
different for the interleaved and separated configurationq,esumng curveY show that if as few as 20% of the electrons
aﬂd it follows that the two configurations will yield very (. arse the nonmagnetic layer without scattering, the
different MR(H) curves. MR(H) peaks are stiltlearly presenbut much diminished

CrIFICIS.m. Recently, it was proppsed th_at the above mter-in magnitude, both for the interleaved and for the separated
pretation is erroneous, and thats, in fact, irrelevant for the configurations

interpretation of the MR{l) curves for 2M multilayerg:® -
To support their proposal, these workers prepared 2M The data of Ref. Asee their Fig. I show that, upon

multilayers whose nonmagnetic layers consisted of Cu dopegc’p'ng’ the heights .Of the peaks n MRI are reducedi by up
with Ge (hereafter CuGe It was claimed that the electron (© &0 order of magnitude, but their positiofas a function of
mean free path in the doped nonmagnetic CuGe |aye,f,|eld) are .unchanged. These experimental results are thus in
Ncuce, Was sufficiently short that the electron did not reach&ccord with the calculation. - o
the neighboring magnetic layer before scattering in the non- It is not surprising to find that it is dIffICU|'F to eliminate
magnetic layer. According to our interpretation — so it isthe peaks observed for MR( by simply doping the non-
claimed — the MRH) curves should be very different for magnetic layers. Mountain peaks do not disappear from view
samples having doped and undoped nonmagnetic |ayerg_the valley floor is raised. Gijs and Bal}érpointed outin
However, these workers reported that their measuredHy)R( their comprehensive review of MR{) that the requirement
curves were qualitatively the same regardless of whether th@r the applicability of the two-current series-resistor model
nonmagnetic layers consisted of pure Cu or of doped CuGdS that\ <t.

Akey feature of this claim is the value assumedXef, g, Another important point regards the MRJ curves for
for the doped samples. The quantity that is measured is, dhe CIP modgcurrent in the plane of the laygrdis is well
course, Not ¢ ge, but the resistivitypc,ge of the nonmag- knownZ® in the CIP mode, the electron mean free path is a
netic layers of the doped samples, which was reported to berucial parameter. Since the mean free path plays an impor-
8.0 MQ cm. Therefore, the important question is how totant role in both the CIP and the CPP mOdeS, one would

convert the measured quantityc,ge, into the theoretical —€xpect to find that the MR{) curves are qualitatively simi-
quantity, A\c,ge. These workers® used the following text- lar for the two modes, both for the interleaved and the sepa-

book expressioh® based on the the simplest one-plane-rated configurations. Here, too, the prediction is in accord

wave, free-electron approximatith with the datef®*! _ _
Our data — 3M multilayersTo settle this controversy, we
A=(92 Ayrip, (1)  measured MR{l) for 3M multilayers, for which there is a

far richer array of possibilities. For 2M multilayers, only one
wherer is the electron density parameter measured in Bohangle 6, ; is possible (=M1, j=M2). However, for 3M
radii, andp is the resistivity measured in{lcm. multilayers, three such angles are possiblie= N1, |

How reliable is the approximate Eql) for the noble =M2;i=M1, j=M3; i=M2, j=M3).
metals? This question has been answered by the comprehen-For the three magnetic layers, we chose permalloy
sive resistivity calculations of Bergmann and co-worket€  Py(80 A), Co(10 A), and Co(70 A). The advantage of this
for all three noble metals, both as a function of temperaturehoice is that the saturation fields of the magnetic layers
and as a function of residual resistivity. As is well known, thespans a wide range, witH being several Oe for Py(80 A),
noble metals differ from the free-electron model by the presseveral tens of Oe for Co(70 A), and several hundreds of Oe
ence of necks on the Fermi surface. The calculations shovor Co(10 A).
that the scattering of the neck electraf@minateshe resis- For our 3M multilayers, the ordering of the
tivity, requiring a two-plane-wave pseudo-wave function,layers for the interleaved and the separated
bothfor the Fermi surfacas well asfor the scattering matrix configurations was [M1/NM/M2/NM/M3/NM ]y  and
elements. Indeed, Eql) underestimates thaveragemean [M1/NM]y[M2/NM]\[M3/NM]y, with N=3 repeats. We
free path of the noble metals by a factor of 3—4, and forperformed magnetization measurements to confirm the ab-
electrons on certain parts of the Fermi surface, @9.un-  sence of exchange and dipole coupling, obtaining identical
derestimated. ¢ ,ge by an order of magnitude. magnetization curves for the 3M multilayers for the inter-
To consider the implications of these results, we take deaved and separated configurations.

factor-of-5 increase in\q,ge beyond the prediction of A description of the experimental details of the growing
Eq. (1). This yields that\c,ge is equal to the doped layer of the multilayers has been given previoudfyConsistency
thicknesstc,ge.”® Therefore, the percentage of electronsbetween the different configurations was enhanced by grow-
that traverse the nonmagnetic layer without scattering isng the two configurations during the same run.
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FIG. 1. Field dependence of the magnetoresistanceH)ROr FIG. 2. Field dependence of the magnetoresistanceH)Ror

the interleavedsquares and separatectircles configurations for  three different 1M multilayers: Co(10 A)circles, Co(70 A)
3M multilayers, measured at 4.2 K. The three magnetic layers werésquares and Py(80 A)(triangles, all measured at 4.2 K.
Py(80 A), Co(10 A), and Co(70 A). The left-hand inset gives

MR(H) for t_he separated configuration having a_different o_rder forlayers. For 2M multilayers, only one type of boundary layer
the magnetic Ia)_/erésee the _text_for detailsThe rlgh_t-hand inset  ayists. For 3M multilayers, however, there ginesetypes of
shows schematlcally_ the dlrectlor_l of the magnetic moments foboundary layersM1/NM/M2, M1/NM/M3, and M2/NM/
each type of magnetic layer at a field of 10 Oe. M3). Since the 3M multilayer in the separated configuration
hastwo boundary layers, there athree different possibili-
Experimental resultsThe MR(H) curves for the 3M mul-  ties(the three ways of choosing a pair from three objefus
tilayers are presented in Fig. 1 for the interleaved and sepdhe separated multilayer. Of particular interest is the fact that
rated configurations. We note the following important differ- the MR(H) curves are quite different for the different possi-
ences between the 3M curves and those obtainebilities of separated 3M multilayers.
previously—® from 2M multilayers.(i) For 2M multilayers, Explanation of the MR(H) curvesi) 3M multilayers —
the MR(H) curves are strikingly different for the two con- interleaved configuratioriThe most important feature of 3M
figurations, whereas for 3M multilayers, the MR curves  multilayers in the interleaved configuration is the competi-
are qualitatively similar for the two configurations. For both tion between increasing and decreasing values of the angle
configurations, the MR{) curve has a narrow, distinct peak 6; j between neighboring magnetic layers. Consider a mag-
at small fields, followed by a broad, less distinct peak atnetic field of 10 Oe. The Py layers will already have satu-
higher fields.(ii) For the separated configuration the 2M rated in the field direction, but the Co(10 A) layers will
multilayers exhibit two distinct peaks for MRi), whereas hardly be affected by the magnetic field because their satu-
for 3M multilayers there is only one distinct peak followed ration field is several hundred Oe. Thus, the moments of the
by a very broad peakiii) For the interleaved configuration Py and the Co(10 A) layers are nearly antiparallel. Finally,
the 2M multilayers exhibit only one peak for MR{, the moments of the Co(70 A) layers will be partially rotated
whereas for 3M multilayers the low-field peak is followed by at H=10 Oe(see schematic inset in Fig),lbecause their
a broad, less distinct peak. We shall see that all these featursaturation field is several tens of Oe.
of the MR(H) curves for 3M multilayers can be explained in ~ As the magnetic field is increased, the angle between the
terms of thex dependence of MRY). moments of Py and Co(70 AJecreaseswhereas the angle
Features of the 3M multilayerd.here are important fea- between Co(10 A) and Co(70 ApcreasesAs a result of
tures of 3M multilayers both for the interleaved configura-this competition, the first peak of the MR{ curve for the
tion and for the separated configuration. For the interleavethterleaved configuration continues to rise even after the Py
configuration, as the magnetic field increases, one the thrdayers saturate, thus shifting the position of the peak to larger
anglesd, ; increaseswhile the other two angles; ; arede-  fields. Since this effect does not occur for 2M multilayers
creasing Thus there is @ompetitionbetween an increase in consisting of Py and Co, the peak in the interleaved MR(
MR(H) (due to scattering by pairs of layers with increasingcurve occurs at a much smaller fiéld.
¢;;) and a decrease in MR() (due to the scattering by (i) 3M multilayers — separated configuratioim. Fig. 2,
pairs of layers with decreasing ;). This leads to the com- we present the three MIR() curves of multilayers contain-
plex structure we observe for the MR) curves for 3M ing only one type of magnetic layédenoted 1M multilay-
multilayers. er9, that is, only permalloy Py(80 A) or only Co(10 A) or
The interesting feature for the separated configuration reenly Co(70 A). As expected, each 1M multilayer MR
lates to the boundary layers, meaning the pair of differenturve consists of a single symmetric peak.
neighboring magnetic layefsay, M1/NM/M2 between the The MR(H) curve for the 3M multilayer in the separated
group of M1 magnetic layers and the group of M2 magneticconfiguration is not simply the sum of these three 1M
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multilayer MR(H) peaks. The absence of three distinct peakscontributions to MRH) arising from the different boundary

in the 3M multilayer in the separated configurati®iig. 1) is  layers: Py(80 A)—Co(70 A) is present in the first but absent
due to the contribution to MR{) arising from the two in the second, whereas Co(10 A)—Co(70 A) is present in the
boundary layers. These boundary layers may wash(aut second but absent in the first.

weaken the peaks, depending on which boundary layers are (i) Similarity between interleaved and separated con-
present. Of the three possibilities — Py(80 A)—Co(10 A) orf!gurations for 3M multilayersUnlike the case f_or 2M'myl—
Py(80 A)—Co(70 A) or Co(10 A)—Co(70 A) — only two tilayers, the present MIfR{) curves are qualitatively 5|_m|lar
will be present in any given 3M multilayer. Therefore, the for the two configurations. If the first two peaks in the
MR(H) curves are not expected to be the same for different/R(H) curve for the separated configuration are washed

choices for the ordering of the magnetic layers in the 3MCUl then the result will be only one asymmetric peak at
separated configuration. small fields. However, an asymmetric peak at small fields is

. L the hallmark of the MRIfl) curve in the interleaved configu-
To test th's. prediction, we _prep_ared a_second 3Mr tion. Therefore, the MR{) curves for the two configura-
separated multilayer that was identical to the separate

multilayer of Fig. 1, except for the ordering of the three Ionssu;pnggf;veg?:gsgvse#(l)\/svlrrptl:?;tfgciwt ?rﬁlitcl:lgﬁrosf' our in-
groups of magnetic layers. The first separated configuratioperpretation 61‘ the MR{) curves for 2M multilayers is mis-
had the order Co(70 A)~Py(80 A)~Co(10 A), whereas laced. In addition, we have measured MR (for 3M mul-
the order of the second separated configuration wa i '

llayers and have explained all features of the curves on the
Py(80 A)~Co(10 A)—Cp(?O A)' '!'he MFH) curve of thg basis of the interpretation in which the electron mean free
second separated multilayer is given in the inset of Fig. 1

where one sees two distinct low-field peaks. The presence &ath plays a central role.
a second peak can be explaiheih terms of the different We acknowledge financial support from EPSRC.
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