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Towards a Unified Picture of Spin Dependent Transport in and Perpendicular Giant Magne-
toresistance and Bulk Alloys
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From data onsFe12xVxyCuyCoyCudN multilayers, we show that Fe doped with V gains a negative
spin asymmetry for bulk scatteringsb , 0d, 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 negativeb 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
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The giant magnetoresistance (GMR) of magnetic mu
tilayer—a drop of resistance when a magnetic field alig
the magnetizations of consecutive layers [1,2]—is a
tributed to spin dependent scattering but several questi
are still subject to debate: (a) What are the respect
contributions from scattering at the interface and with
the layers (bulk scattering)? (b) Can the spin asymm
try be tailored by doping the magnetic layers or by oth
means, and can spin asymmetries of opposite sign be
tained? (c) What is the relation between measurements
CIP (current in the plane) and CPP (current perpendicu
to the plane) geometries?

It is already known that CPP-GMR measuremen
can givequantitativeanswers to (a) [3,4]. Armed with
this technique, we showquantitatively that there is an
affirmative answer to (b) in this work by doping the
magnetic layers. Finally, for point (c), we show th
comparatively weak influence of bulk scattering in CIP
likely due to channeling effects related to the existence
quantum well states.

In this work, we measure both CIP and CPP-GM
of sFe12xVx tFeV yCu 2.3 nmyCo 0.4 nmyCu 2.3 nmd20
multilayers sputtered on Si(100) substrates. The F
films were made by cosputtering Fe and V from a Fe ta
get in which V disks were embedded. The concentrati
of V was verified by x-ray fluorescence measuremen
The magnetic field was parallel to the layers and th
samples were measured at 4.2 K with the usual meth
of Nb contacts for CPP measurements [4].

In magnetic multilayers containing only one type of fer
romagnetic metal, the resistance is higher in the antipara
state and we refer to the GMR as normal. In multilayers
the typesAyCuyByCudN , an inverse GMR, with resistance
higher in the parallel state, is expected in samples with
ternating ferromagnetic layers of two different materia
which have opposite spin asymmetries. Inverse CIP-GM
has already been observed in FeyCu multilayers in which
ultrathin Cr layers have been inserted in the center of eve
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second Fe layer to reverse its spin asymmetry [5], and a
in FeVyAuyCo multilayers [6]. In this Letter, we presen
examples of inverse CPP-GMR. We recall the notation
CPP-GMR [7]. The resistivities of the magnetic layers f
the majority and minority spin electrons are written as

r"s#d  2rp
Fs1 7 bd . (1)

Similarly, the interface resistances for unit area are writt
as

r"s#d  2rp
bs1 7 gd , (2)

whereb andg are the spin asymmetry coefficients of bu
and interface scatterings, respectively.

As it appears below, the inverse CPP-GMR of o
(FeVyCuyCoyCu) multilayers is associated with the con
trast between the positive value ofb andg in the Co layers
[8] and the negative value ofb in the FeV layers. We will
see that an inverse CPP-GMR is observed when, abov
critical thickness of FeV, the contribution from bulk sca
tering in FeV (withb , 0) exceeds the contribution from
scattering at the FeVyCu interfaces (withg . 0).

In Fig. 1, we show an example of inverse GM
[Fig. 1(a)] and the corresponding magnetization cur
[Fig. 1(b)]. The magnetization of the FeV layers is r
versed and saturated in a field of about 200 Oe, wh
a much stronger field around 2000 Oe is necessary
progressively align the ultrathin Co layers, as alrea
reported [9]. This gives rise to a field range with a
tiparallel alignment of the magnetization in consecuti
magnetic layers. When the arrangement of the magn
zations of the two layers goes from parallel to antiparal
the resistivity drops [Fig. 1(a)], which is the expected i
verse GMR effect. The MR is not large, and, unlike
other systems with larger MR ratios, the background M
associated with the Nb contacts is not negligible. ForRP,
the resistance of the parallel state, we take the values i
cated in Fig. 1(a), which corresponds with the terminati
of hysteresis and the final saturation of the Co layers.
© 1997 The American Physical Society
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FIG. 1. Magnetoresistance (a) and magnetization (SQU
(b) curves at 4.2 K for a (Fe72V 28 6 nmyCu 2.3 nmyCo
0.4 nmyCu 2.3 nm)20 multilayer.

In Fig. 2, we plot the saturation MR of samples wi
Fe72V 28 layers as a function of the thickness of Fe
tFeV . This demonstrates that the GMR can be tuned fr
normal [inset (a)] to inverse [inset (b)] by increasin
tFeV . The thicknesstp

FeV of the crossover from norma
to inverse is between 2 and 3 nm. This unambiguou
confirms the role of bulk scattering in FeV, and th
competition between the contributions of the scatter
at the FeVyCu interface withg positive, and of bulk
scattering inside the FeV layers withb negative. At
small thicknesses of FeV, the interface scattering wi
the global asymmetry of the FeV layers is positiv
like that of the Co layers [8], and the GMR effect
normal. At larger thickness of FeV, the bulk scatterin
predominates, so that the global asymmetry of FeVyCu
is now negative, giving rise to alternating asymmetr
in the FeV and Co layers and therefore to inver
GMR. The crossover thicknesstp

FeV is the thickness
for which the bulk and interface contributions to th
spin asymmetry of the FeV layers balance each oth
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FIG. 2. Variation of the MR ratio at saturation with th
thickness of FeV in (Fe72V 68yCu 2.3 nmyCo 0.4 nmyCutFeV
2.3 nm)20 samples. We have adopted the positive (negati
sign for normal (inverse) GMR. Inset (a): Normal magnetor
sistance curve for 1 nm thick FeV layers. Inset (b): Inver
GMR for 6 nm thick FeV layers.

In the long spin diffusion length limit [7,10,11], the
interface resistances,rp

FeVyCus1 7 gFeVyCud, and the “bulk
resistances,”rp

FeV s1 7 bFeV dtp
FeV , are simply additive in

the majority and minority spin channels (self-averagi
property) and the compensation thicknesstp

FeV is given by
the balance equation

2rp
FeVyCugFeVyCu 1 rp

FeV bFeV tp
FeV  0 . (3)

In Fig. 3, we show the variation of the resistance f
unit area in the parallel state,ARP (A is the sample
area), and the resistance variation,ADR  AsRAP 2

RPd, as a function of the thickness of FeV, for sever
concentrations of V. As the concentration of V decreas
from 28 to 10.3 at. %, the compensation thicknesstp

FeV
increases from around 2 to around 8 nm; that is, as
concentration decreases, the bulk contribution balan
the interface contribution less rapidly.

We have tried to account for all the experiment
results gathered in Fig. 3 with the classical expressio
of the long spin diffusion length limit [7,10,11]. In
the antiparallel (AP) and parallel (P) configurations, t
resistances of the spin" and spin# channelsR " and R #

are written
ARAP
"s#d  4rp

NbyFeV 1 40frp
FeV tFeV s1 6 bFeV d 1 2p

FeVyCus1 6 gFeVyCud

1 2rp
CutCu 1 rp

CotCos1 7 bCod 1 2rp
CoyCus1 7 gCoyCudg , (4)
2653
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ARP
"s#d  4rp

NbyFeV 1 40frp
FeV tFeV s1 7 bFeV d 1 2rp

FevyCus1 7 gFeVyCud

1 2rp
CutCu 1 rp

CotCos1 7 bCod 1 2rp
CoyCus1 7 gCoyCudg . (5)
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The final resistance is

ARPsAPd 
AR

PsAPd
" AR

PsAPd
#

AR
PsAPd
" 1 AR

PsAPd
#

. (6)

For CoyCu, we have used the parameters deduce
from previous experiments onCoyCu multilayers [12]:
2rp

CoyCu  1.05 fV m2, r
p
Co  76 nV m, gCoyCu 

0.75, bCo  0.46, bCu  1, andr
p
Cu  4.5 nV m. For

each concentration, we have determined the values
rp

FeVyCu, r
p
FeV , gFeVyCu, andbFeV giving the best fit with

our results for bothARpand ADR. We present these
values in Table I.

As expected, the inverse GMR is due to a negativ
value of bFeV (bulk scattering spin asymmetry in FeV).
We learn thatbFeV is practically independent of the con-
centration of V between 15 and 28 at. % at least. Th
scattering spin asymmetry at the FeVyCu interface is
also affected by alloying with V:gFeVyCu remains pos-
itive but decreases as the concentration of V increas
The concentration dependence of the compensation thi
nesstp

FeV  2rp
FeVyCugFeVyCuyr

p
FeV jbFeV j from Eq. (1) is

FIG. 3. (a) The area times the resistance in the parallel sta
ARp and (b) the resistance variationADR as a function of the
thickness of theFe12xVx layers for different concentrations of
V. The solid lines are fits obtained with Eqs. (4)–(6).
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due to both some increase ofr
p
FeV jbFeV j and some de-

crease ofrp
FeVyCugFeVyCu at increasing concentration of V

The multilayers we have studied represent a spectac
example of system with competing asymmetries, negat
for bulk scattering in FeV, positive for the FeVyCu
interfaces and the Co layers. The opposite sign of b
and interface asymmetries in the FeV layers gives r
to a compensation thickness; the opposite sign of
spin asymmetries of the Co layers and the “thick” Fe
layers gives rise to inverse GMR. The negative si
we find for FeV is in agreement with that found for th
scattering by V impurities in Fe [13]. Our absolute valu
of bFeV , 0.11 # jbFeV j # 0.15, is smaller than that found
for V impurities, jbj , 0.7, which could be due to the
existence of additional scattering by atomic disorder in t
multilayers and, perhaps, to some intrinsic decrease ofjbj

with the concentration. Whereas a positive asymme
due to a higher density of states at the Fermi level
the minority spin direction is expected for Ni, Co, Fe
and most of their alloys, the negative asymmetry of t
scattering of V impurities in Fe has been related to t
existence of a resonant scattering on the V sites
the majority spin direction at the Fermi level [13], i
agreement with recentab initio calculations by Mertig
et al. [14]. A negative asymmetry is also expected f
alloys of Ni with V and Cr, Co with Cr and Mn, Fe with
Cr [13,14].

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

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

The second reason is more fundamental and rela
to the existence of quantum well states (QWS) [16
QWS electrons, partly confined in the nonmagnetic la
ers, contribute significantly to the conduction in th
CIP but not in the CPP geometry [15]. As these ele
trons are not affected (or weakly affected) by bu
scattering in the magnetic layers, this also reduces
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TABLE I. Experimental compensation thicknesstp
FeV , and best fit parameters forrp

FeVyCu,
rp

FeV , bFeV , andgFeVyCu for several concentrations of V in Fe.

x (at. %) tp
FeV rp

FeVyCu gFeVyCu rp
FeV bFeV

(nm) sfV m2d snV md

10.3 Not 0.26 Not 558 Not
known determined determined

15 5.7 0.36 0.58 638 20.11
19 4.45 0.56 0.30 644 20.11
22 3.1 0.61 0.22 672 20.12
28 2.2 0.84 0.21 997 20.15
n

.

o
,

.

n

e

,

v.
weight of the bulk scattering in the CIP geometry. I
thus turns out that spin dependent bulk scattering
more influential in CPP, and this is well illustrated by
our observation of inverse CPP-GMR and normal CIP
GMR in the same samples. This explains some differe
conclusions on the importance of bulk scattering derive
from CIP and CPP experiments.

In conclusion, our results of inverse CPP-GMR offe
several insights into the mechanism of GMR.

(1) The spin asymmetry coefficientb, positive in most
systems, can be reversed by doping Fe layers with
in agreement with previous measurement performed
dilute alloys [13] and theoretical calculations in the dilut
limit [14]. A negativeb has also been recently observe
by doping Fe and Ni layers with Cr [17].

(2) The system we have studied is a spectacul
example in which bulk and interface scatterings unam
biguously compete and pull in opposite wayssb , 0 and
g . 0); the interface wins at small thickness, bulk sca
tering prevails at larger thicknesses, and there is a co
pensation thickness where the GMR passes through ze

(3) The GMR is reversed in the CPP geometry bu
not in the CIP one, which shows the weaker influence
spin dependent bulk scattering in the CIP geometry. Th
results from the short scaling length of the CIP conductio
(the mean free path) and the influence of channelin
effects (quantum well states).
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the National Science Foundation under INT-9216909, an
DMR9423795 and Esprit project 20.027 of the Europea
Community.
t
is

-
nt
d

r

V,
on
e
d

ar
-

t-
m-
ro.
t

of
is
n
g

y,
d

[1] M. N. Baibich et al., Phys. Rev. Lett. 61,
2472 (1988).

[2] G. Binaschet al., Phys. Rev. B39, 4828 (1989).
[3] L. Piraux, S. Dubois, and A. Fert, J. Magn. Magn. Mater

159, L287 (1996).
[4] P. A. Schroederet al., Mater. Res. Soc. Symp. Proc.313,

47 (1993).
[5] J. M. Georgeet al., Phys. Rev. Lett.72, 408 (1994).
[6] J. P. Renardet al., Phys. Rev. B51, 12 821 (1995).
[7] T. Valet and A. Fert, Phys. Rev. B48, 7099 (1993).
[8] A positive scattering spin asymmetry is predicted for C

layers by all the calculations we know; see, for example
W. H. Butler, J. M. Mac Laren, and X. G. Zhang, Mater
Res. Soc. Symp. Proc.313, 59 (1993); R. K. Nesbet,
J. Phys. Condens. Mater.6, L449 (1994).

[9] P. Holodyet al., Phys. Rev. B50, 12 999 (1994).
[10] S. F. Leeet al., J. Magn. Magn. Mater.118, L1 (1993).
[11] To apply the classical expressions of the long spi

diffusion length limit, we must assume that the spin
diffusion length in FeV is larger than the thickness of th
FeV layers.

[12] Q. Yanget al., Phys. Rev. B51, 3226 (1995).
[13] I. A. Campbell and A. Fert,Ferromagnetic Materials,

edited by E. P. Wohlfarth (North-Holland, Amsterdam
1982), p. 769.

[14] L. Mertig et al., J. Magn. Magn. Mater.151, 363 (1995).
[15] P. Zahn, J. Binder, M. Richter, and I. Mertig (unpub-

lished).
[16] For example, J. E. Ortega and F. J. Himpsel, Phys. Re

Lett. 68, 844 (1992).
[17] C. Vouille, A. Fert, A. Barthélémy, S. Y. Hsu, R. Loloee,

and P. A. Schroeder, J. Appl. Phys. (to be published).
2655


