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From data onFe;_,V,/Cu/Co/Cu)y multilayers, we show that Fe doped with V gains a negative
spin asymmetry for bulk scattering3 < 0), which, combined with the positive asymmetry of Co,
accounts for the inverse current perpendicular to the plane (CPP) giant magnetoresistance (GMR) we
observe. More precisely, the competition between positive and negative asymmetries for interface and
bulk scatterings in FeV leads to inverse (normal) GMR for layers thicker (thinner) than a compensation
thickness. The negativg of FeV is consistent with theoretical predictions and bulk alloy data. The
current in the plane (CIP) GMR is not reversed, which illustrates the role of channeling in CIP.
[S0031-9007(97)02803-2]

PACS numbers: 75.70.Pa, 72.15.Gd

The giant magnetoresistance (GMR) of magnetic mulsecond Fe layer to reverse its spin asymmetry [5], and also
tilayer—a drop of resistance when a magnetic field alignsn FeV/Au,/Co multilayers [6]. In this Letter, we present
the magnetizations of consecutive layers [1,2]—is atexamples of inverse CPP-GMR. We recall the notation of
tributed to spin dependent scattering but several questior@PP-GMR [7]. The resistivities of the magnetic layers for
are still subject to debate: (a) What are the respectivéhe majority and minority spin electrons are written as
contributions from scattering at the interface and within .
the layers (bulk scattering)? (b) Can the spin asymme- piy = 2pe(l = B). (1)
try be tailored by doping the magnetic layers or by otherSimilarly, the interface resistances for unit area are written
means, and can spin asymmetries of opposite sign be obs
tained? (c) What is the relation between measurements in e
CIP (current in the plane) and CPP (current perpendicular g = 2rp(1 % ), (2)
to the plane) geometries? whereB andy are the spin asymmetry coefficients of bulk

It is already known that CPP-GMR measurementsand interface scatterings, respectively.
can givequantitativeanswers to (a) [3,4]. Armed with As it appears below, the inverse CPP-GMR of our
this technique, we showuantitatively that there is an (FeV/Cu/Co/Cu) multilayers is associated with the con-
affirmative answer to (b) in this work by doping the trast between the positive value@fandy in the Co layers
magnetic layers. Finally, for point (c), we show the [8] and the negative value ¢f in the FeV layers. We will
comparatively weak influence of bulk scattering in CIP,see that an inverse CPP-GMR is observed when, above a
likely due to channeling effects related to the existence o€ritical thickness of FeV, the contribution from bulk scat-

quantum well states. tering in FeV (withB < 0) exceeds the contribution from
In this work, we measure both CIP and CPP-GMRscattering at the FeXCu interfaces (withy > 0).
of (Fe;—,V, trev/Cu 2.3 nm/Co 0.4 nm/Cu 2.3 nm)yg In Fig. 1, we show an example of inverse GMR

multilayers sputtered on Si(100) substrates. The Fe\Fig. 1(a)] and the corresponding magnetization curve
films were made by cosputtering Fe and V from a Fe tar{Fig. 1(b)]. The magnetization of the FeV layers is re-
get in which V disks were embedded. The concentratiorversed and saturated in a field of about 200 Oe, while
of V was verified by x-ray fluorescence measurementsa much stronger field around 2000 Oe is necessary to
The magnetic field was parallel to the layers and theprogressively align the ultrathin Co layers, as already
samples were measured at 4.2 K with the usual methorkported [9]. This gives rise to a field range with an-
of Nb contacts for CPP measurements [4]. tiparallel alignment of the magnetization in consecutive
In magnetic multilayers containing only one type of fer- magnetic layers. When the arrangement of the magneti-
romagnetic metal, the resistance is higher in the antiparalledations of the two layers goes from parallel to antiparallel
state and we refer to the GMR as normal. In multilayers othe resistivity drops [Fig. 1(a)], which is the expected in-
the type(A/Cu/B/Cu)y, an inverse GMR, with resistance verse GMR effect. The MR is not large, and, unlike in
higher in the parallel state, is expected in samples with alether systems with larger MR ratios, the background MR
ternating ferromagnetic layers of two different materialsassociated with the Nb contacts is not negligible. Rgy
which have opposite spin asymmetries. Inverse CIP-GMRhe resistance of the parallel state, we take the values indi-
has already been observed in/E& multilayers in which cated in Fig. 1(a), which corresponds with the termination
ultrathin Cr layers have been inserted in the center of evergf hysteresis and the final saturation of the Co layers.
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FIG. 1. Magnetoresistance (a) and magnetization (SQUID)
(b) curves at 4.2 K for a (FgVs 6 nmyCu 2.3nmCo  |n the long spin diffusion length limit [7,10,11], the
0.4 nnyCu 2.3 nmj, multilayer. interface resistancesy, /c,(1 ¥ yrev/cu), and the “bulk
resistances, prev(l ¥ Brev)trev, are simply additive in

In Fig. 2, we plot the saturation MR of samples with ("€ majority and minority spin channels (self-averaging
Fe,V g layers as a function of the thickness of Fev, Property) and the compensation thickness is given by
frev. This demonstrates that the GMR can be tuned fronih€ balance equation
normal [inset (a)] to inverse [inset (b)] by increasin * x *
tFeV. TtEe thiclin)gsstéev of the[crossc()vc)e]r fr¥)m normalg 2rgev/cuYFev/cu T PrevBrevipey = 0. (3)
to inverse is between 2 and 3 nm. This unambiguously In Fig. 3, we show the variation of the resistance for
confirms the role of bulk scattering in FeV, and theunit area in the parallel stateyR” (A is the sample
competition between the contributions of the scatteringarea), and the resistance variatiohAR = A(RAP —
at the FeVCu interface withy positive, and of bulk R”), as a function of the thickness of FeV, for several
scattering inside the FeV layers with negative. At concentrations of V. As the concentration of V decreases
small thicknesses of FeV, the interface scattering winsfrom 28 to 10.3 at. %, the compensation thickness
the global asymmetry of the FeV layers is positive,increases from around 2 to around 8 nm; that is, as the
like that of the Co layers [8], and the GMR effect is concentration decreases, the bulk contribution balances
normal. At larger thickness of FeV, the bulk scatteringthe interface contribution less rapidly.
predominates, so that the global asymmetry of Fe\ We have tried to account for all the experimental
is now negative, giving rise to alternating asymmetriegesults gathered in Fig. 3 with the classical expressions
in the FeV and Co layers and therefore to inverseof the long spin diffusion length limit [7,10,11]. In
GMR. The crossover thickness.y is the thickness the antiparallel (AP) and parallel (P) configurations, the
for which the bulk and interface contributions to the resistances of the spihand spin| channelsk T andR |
spin asymmetry of the FeV layers balance each otheare written

ARy = 4ro/rey + 40[pteytrev(l = Brev) + 2ev/cull = YRev/cu)
+ 2péutCu + péotCO(l + IBCO) + 2réo/Cu(l + 'YCo/Cu)]a (4)
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ARy = 43y srey + 400prevtrev(l F Brev) + 2rfieyjcu(l F Yrev/cu)

+ 2péytcu + peotco(l F Beo) + 2rcoscull F Yeoscu)]. (5)
The final resistance is ! due to both some increase pf.v|Br.v| and some de-
ARPAP) 4 pPAP) crease of v /cuYFev/cu @t iNCreasing concentration of V.
ARP(AP) — 1 ! ) (6) The multilayers we have studied represent a spectacular
AR{ AP 4 ARlP(AP) example of system with competing asymmetries, negative

for bulk scattering in FeV, positive for the F¢Qu
For Co/Cu, we have used the parameters deducethierfaces and the Co layers. The opposite sign of bulk
from previous experiments oBo/Cu multilayers [12]:  and interface asymmetries in the FeV layers gives rise
2rco/cy = 105 fAM, pco =76 NAM,  yco/cu =  to a compensation thickness: the opposite sign of the
0.75, Bco = 046, Bcu = 1, andpc, = 4.5 N m. For  spin asymmetries of the Co layers and the “thick” FeV
egch Con(*:entration, we have determlned the .Val.ueS yers gives rise to inverse GMR. The negative Sign
FFev /Cus PReVs YFev/Cu, @Nd Brey giving the bestfit with e fing for FeV is in agreement with that found for the
our results for bothAR”and AAR. We present these geaitering by V impurities in Fe [13]. Our absolute value
values in Table I. _ _ of Brev, 0.11 = | Brev| = 0.15, is smaller than that found

As expected, the inverse GMR is due to a negativgor \/ impurities, | 3] ~ 0.7, which could be due to the
value of Brev (bulk scattering spin asymmetry in FeV). existence of additional scattering by atomic disorder in the
We learn thaiBr.v is practically independent of the con- multilayers and, perhaps, to some intrinsic decreasg pf
centration of V between 15 and 28 at. % at least. Theyjth the concentration. Whereas a positive asymmetry
scattering spin asymmetry at the F&M interface is due to a higher density of states at the Fermi level for
also affected by alloying with V:ygev/cu remains pos- the minority spin direction is expected for Ni, Co, Fe,
itive but decreases as the concentration of V increasegnd most of their alloys, the negative asymmetry of the
The concentration dependence of the compensation thiCkeattering of Vv impurities in Fe has been related to the
NesSifey = 2rpey/cuYFev/cu/ PRevIBrev| from Eq. (1) is  existence of a resonant scattering on the V sites for

the majority spin direction at the Fermi level [13], in
(@ 800 ey agreement with recerdb initio calculations by Mertig
] et al.[14]. A negative asymmetry is also expected for
alloys of Ni with V and Cr, Co with Cr and Mn, Fe with
Cr[13,14].

We have also performed current in plane measurements
on our samples. Surprisingly the CIP-GMR is not in-
verted. This casts an interesting light on the difference
between CPP and CIP, as recently emphasized by calcula-
tions of Zahret al. [15]. In the CPP geometry, the current
is carried by “delocalized” electrons, that is, electrons that
are not confined or partly confined in one type of layer
and propagate throughout the whole structure. These elec-
trons encounter both bulk and interface scattering centers.
In addition, at least in the self-averaging long spin diffu-
sion length limit [7], all the scattering processes (bulk and
interface) are simply additive. The CIP-GMR is less sen-
sitive to bulk scattering for two reasons.

First, the characteristiscaling length of the CIP ge-
ometry is the mean free path (MFP) and bulk scatter-
ing in only a thickness of the order of the MFP in
the magnetic layers along the interfaces contributes to
the GMR.

The second reason is more fundamental and related
4 16 to the existence of quantum well states (QWS) [16].
Fev(“m) QWS electrons, partly confined in the nonmagnetic lay-

FIG. 3. (a) The area times the resistance in the parallel staters’ contribute significantly to the conduction in the

AR? and (b) the resistance variatigfAR as a function of the €IP but not in the CPP geometry [15]. As these elec-

thickness of theFe,_, V, layers for different concentrations of trons are not affected (or weakly affected) by bulk
V. The solid lines are fits obtained with Egs. (4)—(6). scattering in the magnetic layers, this also reduces the
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TABLE I. Experimental compensation thickness,, and best fit parameters fot.y c,,
Prevs Brev, andyrey,cy for several concentrations of V in Fe.

x (at. %) ey IRev /Cu YFeV/Cu Pev Brev
(nm) (fQ m?) (nQ m)
10.3 Not 0.26 Not 558 Not
known determined determined
15 5.7 0.36 0.58 638 —0.11
19 4.45 0.56 0.30 644 —0.11
22 3.1 0.61 0.22 672 -0.12
28 2.2 0.84 0.21 997 -0.15
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