PHYSICAL REVIEW B VOLUME 60, NUMBER 9 1 SEPTEMBER 1999-1

Microscopic mechanisms of giant magnetoresistance
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We present magnetoresistance measurements aimed at answering several open questions in the understand-
ing of giant magnetoresistan¢d&MR). Our measurements are performed ¢HLAN/F2/N) multilayers in
which N is a nonmagnetic metdCu or Cj, andF1 andF2 are various ferromagnetic metals or alloys. In
current perpendicular to the plat@PP measurements ori-(L/Cu/Co/Cu) multilayers, whei€l is Fe, Co, or
Ni doped with impurities, we observe an inversion of the GMR for V or Cr impurities; this demonstrates, first
the importance of the extrinsic effects in GMR and secondly the possibility of obtaining negative as well as
positive values of the bulk spin asymmetry coefficigntA compensation thickness with zero GMR is found
when the bulk and interface spin asymmetry have opposite signs in the same layer. We interpret th@sign of
in models of electronic structure. Measurements on other series of multilayers allow us to show that the
interface spin asymmetry coefficieptcan also be positivéinterfaces with Cuor negative(interfaces with
Cr). Finally, the comparison between CPP and CIP data obtained on the same samples sheds light on the
different role of the interface intrinsic potential in the two geometi&6163-18209)09133-X

[. INTRODUCTION interface and bulk coefficients give rise to a compensation
thickness at which the GMR is zero. Opposite signs in con-
Although giant magnetoresistanc6GMR) is applied secutiveF layers give rise to inverse GMR. We have also
nowadays in several devices, its understanding at the micrggerformed current in plan€€IP)-GMR measurements on the
scopic scale is not completely clear yeThere are still a same samples and we compare results obtained in the two
number of pending questions and the objective of the experigeometries. We show how the difference can be explained by
mental work we report here is to answer some of the mosthe different role of the multilayer intrinsic potential in CIP
important ones. For example, in order to clearly identify ex-and CPP.
trinsic contributions coming from spin dependent scattering In Sec. Il, we present pending questions in the under-
by imperfections, we have studied the GMR of a series ofstanding of the GMR. Section 1l is a note on the inverse
multilayers doped with impurities; we will see that doping GMR and its usefulness in determining the sign of the spin
the ferromagnetic layers with a few percent of impurities canasymmetry coefficients. In Sec. 1V, we describe the prepara-
strongly influence the GMR and even, in some conditiondgion and structural characterization of the samples. We
explained below, change its sign from negatigmormal  present magnetization and CPP-GMR measurements in
GMR) to positive(inverse GMR. However, we will also see doped multilayers in Sec. V, and the analysis of the CPP-
that the GMR cannot be explained by only extrinsic effectsGMR data and the determination of the bulk spin asymmetry
(scattering by imperfectionsit is necessary to take also into coefficient in Sec. VI. Our results o8 are discussed in
account intrinsic effects coming from electron reflections atSec. VII. In Sec. VIII, we present CPP-GMR measurements
perfect interfacega consequence of band mismatch from which the interface spin asymmetry coefficientcan
Most of our GMR measurements have been performed ife determined for several interfaces and we discuss the sign
the current perpendicular to the plai€PP geometry of y. In Sec. IX, we explain why inverse GMR can only be
which, in a diffusive regimé permits a quantitative analysis relatively small. In Sec. X, we compare our CIP and CPP
of the GMR in terms of interface resistance )=2[1 results on the same samples, and we discuss the origin of the
Fylry and bulk resistivitiesp;(,=2[1F B]pg andp,, difference between the two geometries. Section IX summa-
=2py, in ferromagnetigF) and nonmagneti¢N) layers, re- rizes the results of our work and conclusions drawn from it.
spectively. In these expressiofsand y are the spin asym-

metry coefficients from bulk and interface scattering respec- || 5pgp QUESTIONS FOR THE UNDERSTANDING

tively. Most of our samples are multilayers in which two OF GMR
different metals or alloys are alternating in successive ferro-
magnetic layers; the GMR is then a first order functiorBof Before presenting our work, we want to summarize the

andvy in each type of ferromagnetic layer, which allows us tocurrent understanding of GMR and list the questions which
determine not only the magnitude but also the sign of thesare still open. From a quantum mechanical point of view, the
coefficients®® We find that both of them can be positive or problem posed by the GMR is that of the propagation of
negative, and that their sign can be related to characteristielectrons in the potential landscape represented schemati-
features of the electronic structté Opposite signs of the cally in Fig. 1 for simple- - -/F/N/F/N/--- multilayers in
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Bulk scattering Interface scattering periodic intrinsic potential determines the superlattice Bloch
(a) | Potentd potentals functions; these Bloch functions, as well as the correspond-
ing spin+ and spin— Fermi surfaces and Fermi velocities,
are different for theP configuration[intrinsic potential of

mg:’;";;’;;’;’;zte Figs. 1a),1(b)] and the AP configuratiofintrinsic potential
‘_‘l B - P of Fig. 1(c)]. This gives rise to GMR effects even with only
Intrinsic potential spin independenscattering. When, as in most experimental

situations, the MFP is not much larger than the period, the

(b)
L—?,‘# PO oy Spin - channel relevant approach is thiayer by layerone in which the
=] = ~ " .~  intheparallel state contribution from the intrinsic potential to the GMR is de-

scribed in terms of specular reflections of the electrons at an
interface without interference between the specular reflec-
tions at successive interfaces. In the CPP geometry, the layer
Spin + of - channels by layer f_;lpproach Iead_s tq th_e partlcu_larly simple results that
in the antiparallel state the contribution of the intrinsic potential to the GMR can be
expressed by introducing spin dependent interface
FIG. 1. Potential landscape seen by spiand spin- conduc- resistances! more precisely, the interface resistance of the
tion electrons in the parallel and antiparallel configurations. TheCPP geometry | includes contributions from both the in-
intrinsic potential is represented by a periodic array of barrierdrinsic potential(interface steps in Fig.)land the interface
(Kronig-Penney-like potentigl the extrinsic bulk and interface extrinsic potentials giving rise to diffuse scatterifigterface
scattering potentials are represented by spikes. spikes in Fig. 1L The existence of interfaces resistances in
) ) ) CPP is one of the bases of the Valet-R&fE) modef which
which g and y have the same sign. The potential seen byaynresses the CPP-GMR as a function of the resistivity of
electrons includes the intrinsic potgnnal of th_e multilayered;y, nonmagnetic layers; , the spin dependent resistivity of
structure and the extrinsic scattering potentials due to de{he ferromagnetic layers, |, = 2[ 17 B]p}. , the interface re-

fects. sistancesr(;)=2[1F y]ry; , and the spin diffusion length

(i) The intrinsic potential is the potential of the perfect _ ; .
structure. It is periodic for periodic multilayers; its period is (SDL) in the nonmagnetic and ferromagnetic Iayéﬁ$,and

equal to the chemical period of the multilayer for the parallel'gfv respectively. In the long SDL limit, when the thicknesses
(P) configuration[Figs. ¥a) and Xb)] and twice the chemi- are smaller than the SDL, th_e general expressions of the \_/F
cal period for the antiparalldAP) configuration[Fig. 1(c)]. ~ Model are reduced to the simple ones of the resistor series
In Fig. 1, the intrinsic potential is represented by a Kronig-model that has been introduced and probed by extensive
Penney potential. The exchange splitting of band structure@easurements at Michigan State Universfty?

in the ferromagnetic layer is depicted by different step The open questions concerning the origin of the GMR are
heights of the Kronig-Penney potential in the spin[Fig.  the following.

1(a)] and spin- [Fig. 1(b)] channels in the® configuration. (1) Is the GMR mainly arextrinsic effect resulting from
In the AP configuratioiFig. 1(c)], low and high steps alter- SPin dependent scattering by imperfections and impurities, or
nate. is it due to theintrinsic potential of the multilayers without

(i) The scattering potentials are random extrinsic poten@ny need of spin dependent scatteriigg dependent scat-
tials associated with defectsnpurities, interface roughness tering within the ferromagnetic layerappears via the bulk
and are represented by spikes in Fig. 1. In a first approximaParameterpg and B; we report here that a few percent of
tion, the interface scattering potentials can be viewed as alfnpurities can strongly influence and even change the sign of
excess or deficit potential due to some modulation of thdhe GMR, which demonstrates the importance of this bulk
steps by roughness. They are obviously spin dependent sin€trinsic contribution. On the other hand, the contributions
the steps are at the interfaces between magnetic and noﬁom theintrinsic potentialand theinterface extrinsic poten-
magnetic metals. The scattering potentials of impurities andials are both contained in the interface parametgrandy.
defects within the magnetic layers are also spin dependent, d¥e derive these parameters for a number of interfaces. How-
it is well known from experiments on bulk materiéls. ever, the separation between the intrinsic and extrinsic con-

Both the intrinsic potentialsteps in Fig. 1 and the scat- tribution to the interface resistance is not really in the scope
tering potentialgspikes in Fig. 1 generate GMR in CIP as of this paper. In other words, our experiments allow us to
well as in CPP geometry. The GMR generated by spin deseparate easily the bulk extrinsic contribution from the inter-
pendent scattering has been taken into account in the earligfgice resistance, but a clear identification of the intrinsic and
model€'*°and can be described very simply. For example, itextrinsic contributions to the interface parameters would re-
is clear that, with the small scattering potentials in the $pin quire additional measurements on samples in which the in-
channel of Fig. tb), there will be a short circuit effect by terface imperfections can be controlled.
this channel with weak scattering and therefore a smaller (2) Can the spin asymmetry coefficiensand y be in-
resistivity in the P configuration. On the other hand, the terpreted by electronic structure arguments? Are the coeffi-
GMR generated by the intrinsic potential can be viewed incients 8 derived from GMR in agreement with those found
two different ways. in bulk dilute alloy$® or derived from numerical electronic

In asuperlattice approachvalid when the mean free path structure calculation§? Since positive and negative spin
(MFP) is much larger than the period of the multilayer, the asymmetries have been derived in bulk materials, can posi-
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tive and negative values fg@ and y also be found in mul- Dyyr®
tilayers? Is there some similarity between the coefficigof tp =t*=— *b . (2
a FN alloy and the coefficienty of the F/N interface? We B1pr1

will see that our experiments allow us to give a positivex js the compensation thickness at which the GMR is zero,
answer to all these questions and, in particular, to derive,ish normal GMR forte;<t* and inverse GMR fortg,
coefficients3 and y of both signs. >t*, as for example in the measurements of lesal* and

(3) Can the difference between CIP and CPP measureyqjie et al The existence of a compensation thickness
ments be clearly e>'(pla|ned? Of course, it is aI_ready Welk/vith zero GMR is the signature of opposite signs&fand
known that the scaling lengths governing the thickness de-l. the inversion fortz,>t* means that if3, and y, are
pendence are the MFP in CIP and the much larger SDL known to be positive3; is negative. This situation will be

CPP, and this explains a large part of the difference for thic‘%ncountered below fofF 1/Cu/Co/Cu multilayers with F1
layers? But the difference between the scaling lengths does_ FeCr. FeV. CoCr. NiCr

not count when the thicknesses are much smaller than both

the MFP and SDL, whereas, even in this thin layer limit, the - . .
e ' '~ 7B,>0, y,<0 and a positive spin asymmetry F2. In this
CPP-GMR is still generally larger than the CIP-GMR. More- case, Eq(2) still gives the compensation condition for zero
over, in the experiments we present in this article, the GM%MR but now, the GMR is inverse fag,<t*, that is when
[} 1 ]

fr?en &iéﬁ;ﬁg‘? |Sr: dtge tﬁ:;giggexﬁhagilno;n}? ('jr:e CeIEc.iec; e interface contribution with a negatiyg is predominant
’ Y sP P in F1 and normal fortg, >t*.

scattering of free electron@.e., without intrinsic potential It thus turns out that the observation of inverse GMR in

predict the same GMR in the thin layer limit for both geom- : . i
etries, but a difference is expected when the intrinsic poten(—Fl/N/FZ/N) multilayers can be of great interest to deter

tial is introduced® As it will be discussed in Sec. X, this mine the sign of the bulk and interface spin asymmetry co-
) X : - L~ efficients and also to compare directly the bulk and interface
difference likely results from the different role of the intrin-

. L L o . contributions when, with competing bulk and interface spin

sic potential in the two geometries: in CPP it introduces in- . . 4 . T

. o asymmetries, there is a compensation thickness. It is without
terface resistance, whereas it influences the GMR by chan-_7. h d ' bsol : L
neling effects in CIP. saying that, to determine absolute signs, it is necessary to

start the experiments ori-(L/N/F2/N) with metalsF2 andN
for which one knows the sign g8, in F2 and y, for the
F2/N interface. As all the calculations predict a positige
for Co and a positivey for Co/Cu interface$®?° we have
Inverse GMR(Refs. 17,18,5can be obtained when mag- chosen Co foF2 and Cu forN in our first series of samples.

netic layersF1 andF2 with opposite spin asymmetries are
alternating in[F1/N/F2/N]Xn structures. Suppose that the |v. PREPARATION, CHEMICAL AND STRUCTURAL
electrons propagating more easily are, for example, the mi- CHARACTERIZATION OF THE MULTILAYERS,
nority spin electrons ifr 1 and the majority spin electrons in EXPERIMENTAL TECHNIQUES

F2; then, in the antiparallel magnetic configuration, there is ) ) -
a short circuit effect by the channel of electrons which are Multilayers were deposited on silicd@01) substrates by

minority spin electrons ifF 1 and majority spin electrons in SPUttering in a ultrahigh vacuum compatible four targets sys-
F2. This means smaller resistance in the antiparallel con€M at Michigan State University using preparation condi-
figuration or, in other words, inverse GMR. Inverse GMR of ions and procedure described elsewtferé The CPP mea-
this type has been observed in CIP by Geoegell” and suremt_ants are made on a central portion of_ the multilayer
Renardet al.'® and in CPP by Hset al* and Vouilleet al® ~ S@ndwiched between a pair of crossed Nb st(gre below,

In the CPP geometry, the conditions for inverse GMR car{ other above Two narrower strips of the multilayer bring
be described more quantitatively in terms of the bulk andn® CIP current into and out of the central region. Details
interface spin asymmetry coefficientg, and y. A general '€garding the geometry and fabrication of the samples, in-
situation we have encountered in our sampleg,is0 inF1  cluding thein situ mask changng system are discussed at
and y,>0 at theF1/N interface and8,>0 in F2 andy, Iengthlln previous publicatiort$:?® The Iaygrs of CgFe
>0 at theF2/N interface. In this situation, an inverse GMR @nd NbsFeis (permalloy or Py were deposited from alloy

is expected when the global spin asymmetryFdf is nega-  L@rgets. For alloys such &eCr, FeV, CoCr, CoMn, NiCr,
tive, that is when, for thick enough1 layers, the bulk con- NiCu with concentrations from 2.5—30 % the deposition was

tribution is predominant irfF1. Quantitatively, in the con- performed from Fe, Co, or_Ni targets in which small plugs of

ventional resistor series model corresponding to the lond® Second element were inserted. .

SDL limit of the Valet-Fert model, a layef1l introduces . The chemical composition of 'ghe deposited Iaygrs, espe-
resistance§ 15 B ]p¥ite; and Z1F v,k in the spin+ cially for the alloys, was determined by energy dispersive

(spin —) channel and the conditions for a spin independen?peCtrOSCOpyEDS)’ ?”d the concentrations indicated in the
total resistance is paper are those derived from these measurements. The ho-

mogeneity of the samples was also checked by the same
technique.
* * _ Structural characterizations by low angle and high angle
Bipritert 271y =0 @) x-ray measurements confirmed the stron¢lyt1) textured
structure already observed in previous samples obtained un-
or der the same growth conditions at Michigan State University.

Another situation found in our experiments is that with

Ill. NOTE ON INVERSE GMR
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The periods derived from the low angle data also confirmed [FeCr20%/CulColCu 10
the nominal thicknesses of our samples. Transmission elec- i r =] 05
tron microscopy performed on a similar structiiiFe/Ag/ ] 0'0
Co/Ag) (Ref. 14 showed the high quality of the superstruc- )

MM,

ture for a thickness of few periods with a wavy layering '; i (a)"°'5
afterwards. In order to check that the magnetoresistance be- ] '117-8
havior we observed in our samples is not related to a struc- Rl 1168
tural transition by doping, we performed x-ray-absorption- g = 1166
near-edge-structureXANES) experiments at the A¢ edges = 1 1164
on FeV/Cu/Co/Cu multilayers and FeV thin films. As refer- &

ences for XANES, we also measured bulk Fe bcc and bulk = (b) :Zi

Cu fcc. Our results for various thicknesses of alloy showed
no change in the bcc structure of Fe.

The magnetization measurements have been done with a H (Oe)
SQUID magnetometer. A reference resistor and SQUID-
based null detector were used to measure the CPP magrég-

-3000 2000 1000 01000 2000 3000

FIG. 2. Magnetization and CPP-MR curves for [&eCr
% (6.5 nm)/Cu(4 nm)/Co(0.4 nm)/Cu(4 npY20 multilayer.
Rcpp is the resistance normalized to unit ard@-gs— measured
sistanceA=area of the sampleArrows indicate the orientation
the magnetization in thEeCr (large arrow and Co(thin arrow
layers at several values of the applied field.

toresistance. At the measuring temperature of 4.2 K, the N
strips are superconducting, becoming equipotential contac
and thereby ensuring that a uniform current passes througly
the overlap areaA (A~1.25 mnf) between the strips. In
the CPP geometry, we meas®, the product of the areé

and the resistance of the multilayek. was measured by a - : : .
Dektak profilometer. Further details have been provided irgat\l,cg S;r? t::%l:rt]s akr(e)ihls tmhgz]z;ihzeaggrzag:g &%liﬁiﬁél?‘)’rz?ﬁe
an earlier put_)lica}tioﬁ?'zzA field is applied in the pIanQ Of. s:';lme sample. On the curve @iverse GMR, the resistance
the layers which is also an easy plane for the magnetlzatloqjecreases abruptly when the magnetization ofte€r lay-

In the C.PP geometry, the magnetization therefore remaing o switches at low field; then the resistance increases again
perpendicular to the current. Under these conditions, there i

no contribution from anisotropic magnetoresistataaiR) aowly and reaches its initial value at about 2 kOe. The slow
P 9 increase above 2 kOe is a spurious effect related to the in-
to the measurements.

fluence of the applied field on the superconducting Nb layers
and can be corrected.
V. INVERSE CPP-GMR DUE TO NEGATIVE B In Fig. 3, we show the MR curves for a series

IN DOPED MULTILAYERS of  [NiCr5%()/Cu(4 nm)/Co(0.4 nm)/Cu(4 nrihx 20

We have studied the magnetoresistance of multilayers se-
ries of the type

[F1(t)/Cu(4 nm)/Co(0.4 nm/Cu(4 nm)]x20, (3)

where F1 is an alloy, F1=FeCr, FeV, CoCr, CoCr,
CoMn, NiCr, NiCu with concentrations of V, Cr, Mn, or Cu
ranging from 2.5 to 30%. The thickness of thd layer
varies generally between 1 and 7 nm. The relatively large
thickness of the Cu layers, 4 nm, was chosen to prevent
exchange interactions between the magnetic layers. The very
small nominal thickness of the Co layers, 0.4 nm, is chosen
to obtain a high coercive field for these layers, and thus a
field range of antiparallel configuration between the small
coercive field of the layefF 1, typically 1& Oe, and the large
coercive field of the Co layers. One indeed knows from pre-
vious measuremeritsthat, with 0.4 nm of Co deposited un-
der the same conditions, the layer is discontinuous and ex-
hibits hard magnetic properties at low temperature. After
saturation in, say, the positive direction, its remanent mag- H (kOe) H (kOe)
netization remains almost equal to the saturation magnetiza- FIG 3 CPP-MR  curves for a  series  of
tion value down to negative fields of about 100-200 Oe and;, .5%(t)./Cu(4 nm)/Co(0.4 nm)/Cu(4 nrilx20 multilay-
a f'e_ld as large as 2__3 !(Oe IS reqw_red tc_) reverse the magn fs with several values of the thickndsas indicated on the figure.
tization and saturate it in the negative directfon.  Fort=2 nm, the contribution from bulk scattering i, <0 is

In Fig. 2a), we show a typical example of magnetization pregominant in theNiCr layers, which leads to inverse GMR. For
curve, obtained for[FeCr 30% (8.5 nm)/Cu(4 nm)/ (=1 nm, the contribution from theNiCr/Cu interfaces with
Co(0.4 nm)/Cu(4 nm)x20. A two step reversal is clearly y,.,c,>0 is predominant and the GMR is normal. The thickness
seen: the abrupt reversal at about zero figldthe scale of of compensation between negatigeand positivey is around 1.7
the figure is that of theFeCr layers. The second step satu- nm, see Fig. 5.
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FIG. 4. Normal(left) and inversegrighty CPP-GMR curves for
[NiCr 2.5%(¢)/Cu(4 nm)/Co(0.4 nm)/Cu(4 nm)X20 multi- -44_..1.‘,.1...‘|..‘.r.,‘,r... L
layers withtyc,=2 nm (left) andtyc,= 10 nm (right). 1 2 4 5 6 7 8

tFeV(nm)
multilayers witht increasing from 1 to 7 nm. One sees the o o
FIG. 6. Variaton of the CPP-GMR ratio in

behavior expected in Sec. Il whesy (i.e., Bnic) IS nega- _

tive, and y, (i._g.; icicw ﬂz_ (e, B -CO)' and y, (ie., Elfnlc(t‘?())gcgﬁh: r:;w)i/cf(:r?ég;;ofntmh)e/IC::S\(/4Ianr(;ﬂ]r)s< ?ngrZ\L;Itlllgg/oer(s.)as

Ycocd are positive. The GMR is normale., Rap>Re) for o 000 (@), andFeV 28% (A) Thg compensation thickness

t=1 nm when the major contribution from thix&iCr layers L - .

to the GMR comes from the interface resistance; thent for getween the contrnP utions from positi&eyc, and negativesrey

T . . ecreases aPrepie iNCreases with the concentration of vana-

=2 nm, when the bulk contribution is predominant in the dium, as expected from EQ).

NiCr layers, the GMR is inverseRp<Rp). The same be- '

havior is also observed fa¥iCr 2.5%, as illustrated in Fig. the MR ratio as a function of the thickness of layet for

4. In contrast, the GMR is always normal without Cr impu- F1=FeV 15%, FeV 22%, FeV 28%, CoMn 5%, CoMn

rities (curves not shown heyewhich means that 2.5 at. % of 18%. ForFeV, the behavior is the same as MiCr, with an

Cr is sufficient to change the sign gfand reverse the GMR. inversion of the GMR for thicknesses of laydfd above a
In Fig. 5, we show the variation of the MR ratio as a thicknesst* of compensation between a positigeand a

function of the thickness of the F1 layers forF1=NiCr  negative3. For CoMn, the GMR decreases rapidly with

5%, NiCu 30% and pure Ni. FdF1=NiCr 5%, one sees the but is not reversed; we will see from the analysis of the data,

crossover from normal to inverse GMR &sncreases, the that this behavior also corresponds to a negafiveut too

GMR is zero att*=1.7 nm, which is the compensation small to compensate the positiyein the range ot oy in

thickness at which the contributions from the positive inter-our samples.

face spin asymmetryy) and the negative bulk spin asym-

metry (B) cancel one another. In contrast, fBl=NiCu VI. ANALYSIS OF CPP-GMR IN DOPED MULTILAYERS

30%, as for pure Ni, there is no inversion and the GMR is AND DETERMINATION OF THE SPIN

always normal; this means that in contrast with the case in- ASYMMETRY COEFFICIENTS

volving Cr impurities, Cu impurities introduce scattering h vzed th , | its of ith
centers with positive spin asymmetry, so that the sigiB of h We ave ana y?eh tl N expenn;eryta frehsu s 0 Sgc. vV wit
remains positive. In Figs. 6 and 7 we show the variation ofine expressions of the long SDI_‘ Imit of the V- mo ehat.

is, equivalently, the expressions of the series resistor

model!?'3 These expressions have already been extensively

tested at Michigan State University and other
15 o laboratories>?®> For a structure of the type
10F R B — (NB/[FL(tg)/N(tn)/F2(te2)/N(ty) 1XNn/F1(tg4)/Nb) and
;\i 5_ 30
€ N\ i
E OE T\\—’—K‘ 25:’ * - cogsMns
-5 _ compensation — 205—
-10F  thicknesst’ =1.7 nm X
3 E15~
I U EFERTE IR B S s
0 2 4 6 8 10 10F
tyix(nm) E
B
FIG. 5. Variation of the CPP-GMR ratio in F
[F1(t)/Cu(4 nm)/Co(0.4 nm)/Cu(4 nmix20 multilayers as °°' ' é ’ ';' ' é ' é ' '1'0' ' ‘1‘2' ’ '1'4
function of the thicknes$ of layer F1 for F1=NiCr 5% (@), tCOMn(nm)

F1=NiCu 30% (A), and pure Ni (). The figure illustrates the

different behavior forBg;<0 (inversion above the compensation FIG. 7. Variation of the CPP-GMR ratio in
thicknesst* =1.7 nm forF1=NiCr 5%) andBg;>0 (no inver-  [CoMn(t)/Cu(4 nm)/Co(0.4 nm)/Cu(4 nmx20 multilayers
sion forF1=NiCu 30% or pure Nj, in all cases withygc,>0, as function of the thicknest of the CoMn layers and for two

Bco>0, andycgic™0. concentrations of Mn.
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FIG. 8. Fit of the variation of normalized resistance in the parallel configurétigy, and magnetoresistanéeAR=A(R,p—Rp), as a
function of the thicknessg; for [F1(t)/Cu(4 nm)/Co(0.4 nm)/Cu(4 nmX 20 multilayers with(a) F1=FeCr 10% and 30%(b) F1
=CoCr 20%,(c) F1=NiCr 5% andNiCu 30%,(d) F1=CoMn 5% and 18%. The curves are calculated with the expressions of the long
SDL limit of the VF model, as explained in the text. Only the experimental points corresponding to valiggsadfich are smaller than
1.5|glF (see text for an approximate extimate of the $blave been taken into account for the fit.

with the notation already introduced in Sec. | to express the

spin dependence of the unit area interface resistange
and the layer resistivitiesf |, andp'{ , , the spin+ and spin

— resistances in thB and AP configurations and for a unit

area can be written as
ARSI =ar¥, c +2np%+2n[1F yeon i
+(n+1[1% Br1lpFr

+2n[1F yeon]rfont N[1F Be2lpFo,  (4)

ARL ) =4r% e+ 2npE+2n[1F yeon i
+(n+1)[1% Br1lprr

+2n[ 1% yeon]rfont (1= Beolpf,,  (5)

wherer e, is the resistance of the NBL interface(inde-
pendently determingd

The CPP resistances of tieand AP configurationsRp
andR,p, are written as

AR5 (Ap)/ARp(ap)
AR5 (ap)+ ARp(ap)

ARp(ap)= (6)

The above expressions, Edd), (5), (6), hold in the long

SDL limit, that is when, for each type of layer, the SDL is

\p= ke ®)
" nefpr

The spin MFP\g=Vvg7ss, Whererg; is the spin-lattice re-
laxation time, is due, at least at low temperature, to the spin-
orbit part of the elastic scattering by defects or impurifies.
According to the analysis of extensive ESR data;
=s\}, wheres is of the order of 1&when the scattering is
by 3d impurities. Consequently, for our aIoni;gf is ex-
pected to be roughly proportional top}/. The quantitative
discussion of the SDL irCuNi alloys by Hsuet al?® is
based on this approach and confirms ﬂi@tdecreases pro-
gressively from 23 nm forCuNi 6.9% with p&
=11uQcm to 7.5 nm for CuNi 22.7% with pg,i
=30.3 w2 cm. The resistivity of our alloys are in the range
16.7—-67uQ) cm, which roughly means that the SDL range is
between 13.6 and 3.3 nm. We have applied our analysis to
samples withte<<1.9%'. An analysis with the general ex-
pressions of the VF model requires the introduction of addi-
tional free parameteréhe SDL) and is less tranparent; we
publish elsewhere an analysis of this type for another series
of samples® Here, we have performed a simpler analysis
using the expressions in the long SDL limit, even if we know
that this leads to a small underestimate of the spin asymme-
try coefficient.

We have fitted Eqs(4), (5), (6) with our experimental

longer than the thickness of the layer. When the thicknesdata forAR, andAAR=AR,p—ARp by using values of the
exceeds the SDL, the MR is smaller than what is expecte@arametersps,, Bcos Peor Ycoicw Teoicw eonp already
from these expressiofisand, typically, the deviation ap- derived at MSU for layers prepared in the same condifibns

proaches 15% fote~1.9%; and 25% forte~2I%;.%° The

and leavingBe1, pr1, Yrucw frucy s free parameters. The

long SDL limit is largely justified for the Cu and Co layers pest fits obtained for the variation 8fRs andAAR with tg;
(tcy=4 nm, tc,=0.4 nm), since the SDL at low tempera- are shown in Fig. 8 for several series of samples of the type
ture has been estimated at 140 nm in Cu and 59 nm iﬁSCo.[Fl(t)/cU(4 nm)/Co(0.4 nm)/Cu(4 nnm)x20. The fits

The case of thé=1 layers, withF1=FeCr, FeV, CoCr,

CoCr, NiCr, NiCu deserves a more quantitative discussion.

for FeV have been presented in Ref. 4 and are not shown.
The parameter8e., pfi, Yrucu 'Ficy 9iving the best

We recall the expression of the SDL in a ferromagnetic metajits for F1=FeCr 10%, FeCr 30%, FeV 15%, FeV 22%,

or alloy?

)\E)‘sf

IF_
sf™ 6 '

()

where, in a free electron modelf =(\;*+X[ ) is re-
lated to the resistivitypf by the classical expression

FeV 28%, CoCr 10%, CoMn 5%, CoMn 18%, NiCr 5%,
NiCu 30% are listed in Table I; the compensation thickness
t* for the samples with inverse GMR are also given in the
last column. In systems exhibiting an inverse GMR, we find
that, as expecteqB is negative. As also expected, we find a
positive 8 for NiCu (no inversion. The case ofCoMn is
marginal. There is no inversion, but, in contrast with the case
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TABLE I. Best fit parameters obtained for the interface resista#Rg ., resistivity pg , yg/cu, andBe
for different ferromagnetic alloys and pure Co. The compensation thickieissderived from Eq(2) with
the parameters of the table.

Alliage ARE/c, (FQm?) YFicu pf (NQ m) Br t* (nm)
CoyeCryg 0.18+0.07 0.35:0.12 43040 —0.12-0.01 2.4
CogCryg 0.36£0.07 0.08£0.03 450+ 62 —0.08+:0.03 1.6
CogsMng 0.19+0.04 0.96-0.19 243:24 —0.03+0.03 50
Cog,Cryg 0.26+0.07 0.63:0.15 566+ 48 —0.01+0.02 58
FeyCrio 0.75+0.15 037007 42447  —0.160.03 8.2
FeoCrao 0.87+0.16 0.21-0.05 597+ 76 ~0.28+0.04 22
FessVis 0.36+0.14 0.58-0.08 542+ 57 —0.11+0.04 5.7
FeVig 0.56+0.12 0.30:0.06 64456 —0.11+0.03 4.4
FegVy, 0.61+0.08 0.22£0.03 67245 —0.12-0.02 3.1
NigsCrsy 0.27£0.04 0.15-0.03 373:23 —0.13+0.01 1.7
Ni7oClso 0.19+0.04 0.21:0.06 167230  +0.19+0.04

NisoFey, (Ref. 33 05 0.76 220 +0.65

CosFe, (Ref. 32 0.52 0.76 70 +0.65

Co (Ref. 3) 0.525 0.75 76 +0.46

of NiCu for which AR increases witty;c,, AR decreases terface resistance, the contribution from the intrinsic poten-
rapidly as a function ofcoy,. This suggests thgBeoy, is  tial and roughness is still larger than the impurity
negative but too small to compensate the contribution frongontribution at concentrations as high as 28%. It is straight-
the positive yeomney in the experimental range dfoup. forward to check that, with FeV layers, the decrease of the
This is confirmed by the calculation which finds that the bescompensation thickness as the concentration of V increases
fit is obtained for a negative but very small value ofis due to both the increase OBrevpie] and decrease of
Bcown (—0.03). Yrevicd Fevicu:

The negative contribution t8 induced by Cr or V impu- In conclusion, the results on doped multilayers presented
rities competes with the positive contribution from structuralin this section bring to the fore the importance of the extrin-
defects, so one expects that a minimum concentration is resic contributions to the GMR. The contribution from impu-
quired to invert@ and the GMR. FoNiCr, 2.5% of Cr is rities appears in the bulk spin asymmegByThis coefficient
sufficient to invert the GMR. FoFeV, one sees in Fig. 9 can be positive or negative, depending on the choice of im-
that Beey is stabilized to an approximatively constant nega-purity. The GMR is zero at a compensation thickné$s
tive value between 15 and 28 %; this means that, in thisvhen, forB<0 andy>0 in the same layer, there is compe-
concentration range, the contribution from scattering by Mition between the bulk and interface spin asymmetries.
impurities is already predominant and determiggs,. For

CoCr, B is also roughly constant in our 10—20 % concentra- VII. INTERPRETATION OF THE BULK SPIN
tion range but folFeCr, 8 does not seem to be stabilized at ASYMMETRY COEFFICIENT B IN LAYERS
10% and varies from-0.16 at 10% to—0.28 at 30%. We OF FERROMAGNETIC METAL OR ALLOY

also see in Fig. 9 thayr.y,c, decreases with the concentra-

. : Cu ; | In Fig. 10 we compare values of the spin asymmetry co-
tion of V but remains positive. This shows that, for the in-

efficient 8 derived from CPP-GMR measurements and found

1 3 Error bar for our multilayer
g - - $ values or dispersion of
0.8-= results in bulk materials

<

Bulk  Multi-
dilute layers
0.4 alloys

Yrsvicu
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FIG. 9. Variation of the bulk and interface spin asymmetry co- FIG. 10. Comparison of the spin asymmetry coefficieBtde-

efficients By and yreyvicy @S @ function of the concentration of rived from our analysis of CPP-GMR in multilayers and found in
vanadium inFeV layers. bulk dilute alloys(Refs. 8,15.
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We finally discuss the origin of the difference between the

g 30 of pure Ni, with a much higher DOS & in the minority

% >0 spin direction and, consistently, a positive valuegois cal-

§)2-5' o Focli culated. In contrast, for example in Co with Cr or Mn impu-

g g Feto rities, the spinT DOS on the impurity site presents a peak

£20r AN-Ga just above the Fermi level; this peak reflects the resonant

Q x Pure metals . . . .

@ .l (Fe, Co, Ni) scattering of the spin electrons on the impudtievels in the

-5 majority spin direction and the formation of a virtual bound

5 state.

§

go.s- magnitude of8 in multilayers and bulk materials. First, it

t / must be recognized that, in doped multilayers, the electrons

S\ L MR AT N are not only scattered by impurities but also by structural

< G Mn Fe Co Ni Cu defects more concentrated than in bulk materials. As the spin
24 2% 27 28 29 . S e Sp

Electrons per atom asymmetry of the scattering by structural defects in Ni, Co,

or Fe is positive, there is always some reduction of the nega-

FIG. 11. Slater-Pauling plot for alloys ofd3metals and scatter- tive spin asymmetry by the positive spin asymmetry of the
ing spin asymmetry: the spin asymmetry coefficights positive  structural defects. This probably explains a part of the dis-
for the pure metals, Fe, Co, and Ni and their alloys located on therepancy between multilayers and bulk alloys. In addition, as
slope at—45°, i.e., NiCu, NiFe, CoFeg is negative on the \ye have discussed above, we use the simple expressions of
branches at roughly-45°, i.e., for FeV, FeCr, CoCr, CoMn, and  the |ong SDL limit to analyze our experimental data and this
NiCr alloys. leads to some underestimate ®f A much better agreement
) ) is obtained when, in multilayers with thick&tiCr layer, the
in bulk materials’ We have added to the results of the gp| can be determined and taken into account in the deter-
present work, data derived from GMR3£N1 Fe(permalloy  mination of 8.%° Finally we point out that a departure from a
andCoFe 9% in previous publicatior’§:*As we can se€) erfectAP ordering can have a more important consequence
There is a perfect agreement between multilayers and bul (F1/N/F2/N) structures with inverse GMR; this is be-
alloys for thesign of g. The sign also agrees with what is ~5,se an imperfe@ P ordering betweef 1 andF2 implies
predicted byab initio calculations in dilute alloy8.(ii) The that the magnetization of successiF@ layers is not per-
magnitude off is always smaller for the data derived from fecqly parallel and this can add an additional normal GMR
GMR measurements, however, the variatiorBahroughout oy Al the above described effects probably contribute to

the alloy series of Fig. 10 is very similar for multilayers and e difference between the values Bfin multilayers and
bulk alloys. The difference between the magnitudeBoin ik materials.

multilayers and bulk materials is due to various effects that
are discussed at the end of this section. For the moment, we
want to discuss the interpretation of the signgoiih terms of
electronic structure. The physics involved appears clearly
when, in Fig. 11, one looks at the different location of posi- In Sec. V, we presented inverse CPP-GMR results due to
tive and negativg3 on the classical Slater-Pauling plot for the negative sign of3g; in (F1/Cu/F2/Cu) multilayers in
transition metals alloys. Positive values@®fre obtained for  which 8¢, and yg,,c, are positive. Here we report on inverse
pure metals and alloys located on the regions of negativ&éMR effects due to the negative sign ofg, in
slope of the Slater-Pauling curve. Negative valuegaire  (F1/Cr/F2/Cr) multilayers in which the spin asymmetry of
found for alloys on the branches of positive slope from FeF2 is dominated by3, and is positive.
(FeCr, FeV), Co (CoCr, CoMn), and Ni (NiCr). This can We first present results oi€o/Cr/Py/Cy multilayers(Py
be explained by electronic structure arguméntsThe posi-  =permalloy in which the thickness of Cr has been chosen in
tive values of are associated with a higher density of stateshe first thickness range of antiferromagne#d) coupling
(DOY) at the Fermi level for the minority spin direction in (first peak. Typical magnetization and MR curves are pre-
the pure metals and on the impurity sites. In contrast, for Ceented in Fig. 12. The magnetization curve reflects the AF
or V impurities in Fe or Cr impurities in Co or Ni, thé  ordering between the Co and Py layers below about 4 kOe;
levels of the impurity are well above the hakband for the  starting from the right of the figure, the first drop of magne-
majority spin direction; therefore they cannot hybridize with tization between approximately 4 and 2 kOe is due to the
the majority spind band states. The resonant scattering ofreversal of the small magnetic moment of the Co layers in-
spinT s-p electrons with emptyl states of the impurity just duced by AF coupling. Then the abrupt drop at very small
above the Fermi level explains the large spirresistivity = negative field indicates the reversal of the AF coupled Co-Py
and the resulting negative sign @f, alternatively one can system as a whole. Finally, between abet? and—4 kOe,
say that the formation of a virtual bound state leads to a higlthe applied field overcomes the AF coupling and, by aligning
spinT DOS at the Fermi level on the impurity site. the moment of Co with that of Py, saturates the magnetiza-
The clearly different electronic structure of alloys with tion in the negative direction. Th@nverse GMR curve re-
positive and negativg can be seen in the results of tab  flects the relative orientation of Py and Co. In decreasing
initio calculations by Mertiget al® for series of Ni, Co, and field, the resistance drops with the onset of an AP configu-
Fe based dilute alloys. In Ni with Co or Fe impurities for ration between 4 and 2 kOe, does not vary when the AP
example, the DOS on the impurity sites looks similar to thatcoupled Co-Py system rotates as a wh@lete the flat bot-

VIIl. INVERSE CPP-GMR DUE TO NEGATIVE vy
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Field (kOe)

FIG. 12. Magnetization and CPP-GMR curves fdiCn(1 nm)/ -
Cr(0.9 nm/Py(4 nm)/Cr(0.9 nm]Xx 20 multilayers.

o 1 2 3 4 5 6 7 8
toore (M)

tom of the GMR curvgand comes back to its initial value  FjG. 14. Fits of the variation of the normalized resistance in
between—2 and—4 kOe. the parallel configurationAR, and magnetoresistanc&AR

We have measured the MR of series of AF coupled=A(R,,—R;), as a function of the thicknesste;
(ColCr/Py/CrX N samples with thick layers of P8 nm) as  for [CoFe 10%¢)/Cr(1.1 nm)CoFe 10%(4 nm)/Cr(1.1 nnj)
a function of the thickness of Co. As illustrated by Fig. 13, x 20 multilayers. The curves are calculated with the expressions of
the GMR is inverse for thin Co layers and becomes normathe long SDL limit of the VF model as explained in the text.
for Co layers thicker that* =6 nm. The inverse GMR for

teo<t* can be ascribed to a negative value of the interface 4 The pest fit parameters are listed in Table II, with, as
spin asymmetry coefficienfco,c, (with a global spin asym- expected from the existence of inverse GMR at small values
metry dominated by3p, and positive for the Py layersat ot negative values 0fcoic; and yeorecr. Note also that the
teo=t" there is a compensation between positSg, and  pe fit is obtained with a small negative value fas,c,.
negativeycocr, and forte,>t*, the contribution fromBe, e have also prepared series of samples)Fet/Py/Cr
becomes predominant and the GMR is normal. The negativg; a5 the field required to overcome the AF coupling at the
sign for ycqcr is in agreement with theoretical first peak is too strong to saturate the magnetization in the
calculations’ ) _ field range required to keep the Nb layers in superconducting
The experimental results obtained for the (U&r(1.1 state, we prepared samples at the second peak of AF cou-
nm)/Py8 nm)/Cr(1.1 nm and CoFe(t)/Cr(0.9 nm)/  pjing thatis forte,=2.4 nm. Our results, see Fig. 15, reveal
CoFe(4 nm)/Cr(0.9 nm) series have been fitted with they, jnverse GMR fort<4 nm and therefore indicate that
expressions of the long SDL limit of the VF model, as al- Yeeicr, SiMilar 10 yeyer is Negative. However, due probably
ready explained in Sec. VI for other series of samples. Wgq the high resistance of the Cr layers, and to the resulting
have used the parametes§,, ppy, Bry, Bco: Beoredlleady  ghort SDL, the MR in Fe)/Cr(2.4 nm)/Py(8 nm)/
derived at MSU on samples prepared in the samey(2.4 nm) samples is very small. Also, since a short SDL
conditions**?and takerpg,, p&oreand the interface param- is expected, a simple analysis with the simple expressions of
eters as free parameters. Examples of fits are shown in Figec. VI would be an unrealistic way to determine the mag-
nitude of the negative/ggc;.

0123456567889

T 1solmmies 15 ] %[ —Fam The last result we present on structures with Cr layers is
% m_\fﬂﬂ that obtained onKeCr 30%/Cr/Py/Cy multilayers. We first
S Las 160( ﬂs o want to point out that, for all the sampleB1/N/F2/N) with
& S50 3000 150 600 6100 inverse GMR discussed so far in this paper, there was none
[ Heoe H (Oe) with a negative sign foboth 8¢, andyg,. We thus generally
< / observe a compensation thicknasswith zero GMR and a
= / partial compensation below and abave This partial com-
& 0 v pensation contributes to the smallness of the inverse GMR,
6—5 Al as discussed in the following section. We now present some
= results on [FeCr 30%¢()/Cr(1.1 nm)/Py(8 nm)/
“2F

TABLE Il. Best fit parameters obtained for the interface resis-
tanceARE, ¢, and yg,¢, for Co/Cr, CoFe/Cr, and NiFe/Cr interfaces.

tCO (nm) The compensation thickness is derived from Eq(2).
FIG. 13. Top: inverse and normal CPP-GMR curves for |nterface Yercr AR* (fQmP) t* (nm)
[Co(t)/Cr(1.1 nm)/Py(8 nm)/Cr(1.1 nm)X 20 multilayers with
tco=1.5 nm andc,=8 nm. Below, we show the variation of the Co/Cr —0.24+0.17 0.48-0.13 6.6
MR ratio as a function of the thickness of the Co layers. The com-CoFe/Cr —0.14+0.03 0.32£0.05 0.6
pensation thickness between negatig,c, and positiveg is about  NiFe/Cr —0.03+0.03 0.95-0.17

6 nm.
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F andN play a similar role in both problem$ut this should

04 not be a strict rule.
02¢
~ ¢« oV
o\° 0.0 IX. WHY INVERSE GMR CAN ONLY
~ BE RELATIVELY SMALL
902
m" o 1z80A The maximum value of inverse CPP-GMR we have found
04 is 15% (Fig. 16 and, in most of our systems, the inverse
2 06 1o GMR does not exceed 5% or 6%. This is definitely smaller
than the “normal” CPP-GMR, 170%, for example, in
081 t=10Ajoa Col/Cu.
10k 750 0 780 150 0 750 The first reason of the smallness of the inverse GMR can
s H00D L, HOOS, be found in the data on the spin asymmetries in bulk mate-
0123 456 78910 rials. We can see in the extensive tables of Ref. 8, that the
tFe(nm) ratio a=p,/p; can exceed 10 in a number of alloys,

whereas, whem, exceeds |, the ratiOaflsz/pl never

FIG. 15. Variaton of the CPP-GMR ratio in reaches 10. This explains why, in all ouFI/N/Co/N)
[Fe(t)/Cr(2.4 nm)/Py(8 nm)/Cr(2.4 nm)20 multilayers as &  stryctures in which the inverse GMR is induced by a nega-
fu_nctlon of the thlcknessl;_Fe of the Fe Ia_lyers. T_he compensation tjye B, the GMR cannot be as large as in structures such as
thickness between negativg,,c, and positivesee is around 4 nm.  ~q/cy or Py/Cu with only positive spin asymmetry. Addi-

tional effects reducing the inverse GMR and explaining why
Cr(1.1 nm)|x 20 multilayers where botiBrec; and yrecrer  the B found in multilayers are smaller than those of bulk
are negative for th€eCr layers. As this has been discussedalloys, have already been reviewed in Sec. VII: partial com-
above, the saturation field resulting from the strong AF coujpensation of the negative impurity spin asymmetry contribu-
pling between Fe oFeCr and Py layers is too high for tion by the positive spin asymmetry of the scattering by
measurements with superconducting Nb contacts when th&ructural defects of the host, reduction of the influence of
Fe orFeCr are thin, but, nevertheless, we could measure théhe negative spin asymmetry in doped layers by the shorten-
GMR for FeCr layers thicker than 3 nm. In Fig. 16, we show ing of the SDL in alloys, and stronger influence of any small
an example of result. We can see that, with now the samdeparture from AP ordering in structures of the type
sign for Brecr and Yeecricr @and No competition between op- (F1/N/F2/N).
posite bulk and interface spin asymmetries in BeCr lay- In addition, for most F1/N/F2/N) we have studied, there
ers, the inverse GMR can reach 15 spite of some re- was generally a competition between bulk and interface spin
maining competition between positivBp, and negative asymmetries of opposite signs. In systems of the type
Yeyicr in the Py layey. (F1/Cul/Col/Cu), wheré=1 is an alloy with negativgs (ex-

To sum up Sec. VIII, we have found that the interfaceample:NiCr, FeV, etc), ygyc, IS always positive, which
spin asymmetry coefficieny is negative for Co/CrCoFe leads to a partial compensation betwggn and ygqy (evi-
10%/Cr, Py/Cr, Fe/Cr, anBeCr 30%/Cr interfaces, whereas denced in our results by the existence of a compensation
it is positive for Co/Cu, Fe/Cu, and Py/Cu. The negative andhicknes$. In systems of the typeH1/Cr/NiFe/Cr) where
positive signs respectively found for Fe/Cr and Co/Cu interF1 is Co, CoFe, or Fe, there is a partial compensation not
faces are in agreement with the theoretical predictiéris. only between a positivgsg; and negativeyg,,c, but also
For the systems investigated up to now, the same sign iketween a positivg8yir. and negativeyyireicr- AS a matter
generally found for the coefficien® of an alloyFN and the  of fact, we have obtained our highest value of inverse GMR,
coefficienty of the F/N interface. This indicates some simi- 15%, for (FeCr/Cr/NiFe/Cr) structures in which bo{Brec,
larity between the problems of impurity scattering and elec-and ygqcycr are negative and do not compenséiewever,
tron reflections at interfacématching of the energy levels in there is still some partial compensation between the positive

Bnire @and negativeyyire/cy) -

of ] X. COMPARISON BETWEEN CIP AND CPP-GMR

In the first generation models of GMR based on spin de-
pendent scattering of free electrons, thatwghout intrinsic
potential the same MR ratio is predicted in the CIP and CPP
100 - geometries. In contrast, the CIP and CPP-GMR are different
when an intrinsic potential is introduced. This is well illus-
trated, for example, by the results of Zhaetgal 1° who have
o calculated the GMR with and without intrinsic potential. Ex-

-6000 4000 -2000 0 2000 4000 6000 perimentally, this is also illustrated by the higher MR ratios
H(Og) obtained in CPP for most systems and with our
(F1/N/F2IN) structures, by the different sign of the GMR

FIG. 16. Inverse GMR curve of gFeCr 30%(5 nm)/ that we have frequently found in CIP and CPP. A typical

Cr(1.1 nm)/Py(8 nm)/Cr(1.1 nnh)X 20 multilayer. example of normal GMR in CIP and inverse in CPP is shown

GMR-cpp (%)
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& - 509 OQL]
-4 A 0.0
4 A 2.0
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g 2 g 15 t=70A
o0°
= : £ ;: partially confined CPP conduction
S '4 S o.o A states (QWS) contribute only by delocalized
" 29 to CIP conduction states
= o t=1004 15 t=100 A
E . = FIG. 18. Compared influence of multilayitrinsic potentialin
= 0 % 10 CIP (left) and CPP(right). In CIP, the intrinsic potential steps at
8 -2 L o05 A interfaces channel partially the electrons carrying the current; such
-4 0.0 channeling determines how these electrons average the extrinsic
6-4-2024%8 6-4-202 46 scatterings at different places in the multilayer; this mixes up the
H (kOe) H (kOe) intrinsic and extrinsic effects and makes the interpretation of the
CPP-GMR CIP-GMR GMR very complex in CIP. In CPP, the reflections by the intrinsic

potential steps are expressed by spin dependent interfaces resis-
FIG. 17. Comparison between CPP-GMIgft) and CIP-GMR  tances(represented by zigzigindependently, the bulk scattering

(righty  curves for [NiCr 5%()/Cu(4 nm)/Co(0.4 nm)/ potentials of extrinsic origin located at different places in the
Cu(4 nm)] X 20 multilayers. multilayer (see spikes in Fig.)lare averaged equally by the delo-

calized electrons carrying the CPP current. The existence of inde-
in Fig 17. If we consider structures of the tygel(N/Co/N) pendent interface and bulk contribution makes the interpretation
for which we have found inverse CPP-GMR witR1l simpler in the CPP geometry.
=FeCr, FeV, CoCr, NiCr, andN=Cu, inverse CIP-GMR
have been fourld*® only for F1=FeCr (planar doping the CIP geometry. Another source of reduction of the bulk
N=Cu, and FE=FeV (with N=Au). contribution in CIP comes from the short scaling length gov-

The difference between the CIP and CPP-GMR can berning the spatial variation of the electron distribution func-

understood from the different role of the intrinsic potential intion (the mean free path, and not the SDL as in CPmis
the two geometries as illustrated by Fig. 18. In the CPPmeans that, for magnetic layers thicker than the mean free
geometry, the influence of the intrinsic potential can be expath (MFP), only a depth of the order of MFP along the
pressed by its contribution to the interface resistance. Thaterfaces contributes to the CIP-GMR, whereas the inner
situation is different, in the CIP geometry: specular reflec-part of the layer forms an inactive independent channel. Both
tions of the electrons by the multilayer intrinsic potential do effects, “quantum channeling” in Cu by the intrinsic poten-
not contribute directly to resistance terms because the mdial and effective channeling induced by the shortness of the
mentum along the current direction is conserved by speculdiFP, can contribute to the reduction of contribution from
reflections in CIP; however, the intrinsic potential indirectly Byic, in CIP and explain the results of Fig. 17. In other
affects conduction by channeling the electrons inside somstructures, with, for example, channeling in ferromagnetic
of the layers. Zahet al>® and Brownet al3” have described layer, other types of effects can be expected, but, in any case,
this complex situation, where the current is partly carried bythe existence of channeled currents in CIP will mean that the
delocalized electron@onchanneledand partly by electrons carriers probe the scattering potentials nonuniformly. With
more or less confined in normal or magnetic layers. Thesuch mixing of intrinsic and extrinsic effects, the CIP-GMR
main result is that the confined electrons differentially probecan be hardly predicted in a simple way. The situation is
the scattering potentials in different parts of the multilayeredmuch simpler in CPP, with an intrinsic contribution ex-
structure. This is in sharp contrast with the situation of thepressed by the interface resistance and the scattering by ex-
CPP geometry in which the current is carried by delocalizedrinsic potentials averaged uniformly by nonchanneled carri-
electrons which successively probe the scattering potentialsrs.

in all layers.
These arguments can be applied, for example, to our re- XI. CONCLUSIONS
sults of Fig 17. In NiCr/Cu/Co/Cu), the inverse CPP-GMR '
for tyic>1.7 nm is due to negativg in NiCr. If, in CIP, a In Sec. I, we have listed the current open questions in the

significant part of the current is carried by electrons partlyinterpretation of GMR. A number of points have been eluci-
confined in the Cu layers, these electrons will be more afdated by experimental results reported in this article.

fected by the scattering at tHe&/N interfaces than by bulk (1) The important role of spin dependent scattering by
scattering within the ferromagnetic layers; consequently thextrinsic potentialds illustrated by a series of experimental
contribution to the GMR of the negatiyv@will be reduced in  data on doped multilayers. These data can be clearly inter-
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preted when the measurements are in the CPP geometry. It (3) Our experiments give new examples of the important
turns out that the sign and magnitude of the bulk spin asymedifference between the CIP and CPP GMR: not only the
metry coefficient3 can be controlled by the choice of the magnitude of the MR but also its sign can be different for
impurities doping the ferromagnetic layers; inverse GMR ef-measurements in CIP and CPP on the same multilayer. Mod-
fects can be obtained irF(L/N/F2/N) structures by intro- €IS with only spin dependent scattering by extrinsic defects
ducing spin asymmetries of different sign L andF2;  do not predict this difference, which emphasizes the role of
when the Signs of the bulk and interface Spin asymmetr)ﬁhe intrin'SiC potentlal In CPP, the intrinSiC. potential appears
coefficients and y, are opposite in a ferromagnetic layer, through its contribution to the interface resistance parameters
there is a compensation thickness at which the GMR is zerd.s, andy (the second contribution tof andy comes from

On the other hand, whereas the contropolby the choice of  diffuse scattering by interface imperfectionmdependently
extrinsic potentials is well established, the separation bethe scattering of electrons by extrinsic potentiafspurities
tween thentrinsic andextrinsiccontribution toy is not clear ~ Or defect$ within the layers appears in the bulk parameters
yet. As expected by theoRyit is plausible that the specular p* andg. Once the independent bulk and interface param-
reflections by intrinsic potential steps give an important con-£ters are known, the CPP GMR can be predicted. In CIP, the
tribution to the interface parameters and y, but it would  intrinsic potential induces channeling effects which make
be necessary to perform series of experiments on multilayet§at the carriers probe differentially the scattering potentials
with controlled interface defects to estimate the additionaPt the interfaces, in the magnetic layers and in the nonmag-
extrinsic contribution ta¥ and y. netic layers. This gives entwined intrinsic and extrinsic con-

(2) The second question quoted in Sec. Il concerned thifiPutions and, together with the shortness of the scaling
interpretation of the spin asymmetry coefficiet@nd y in Iength. for the damping of thg gllectron d|str|b_ut|qn functlon_,
terms of electronic structure. For the bulk spin asymmetrfompl'cates greatly the possibility of a quantitative analysis
coefficient, the sign we find for various alloys is in perfect " the CIP geometry. o _ _
agreement with that derived from electronic structure YVhatremainsan open question is the respective weight of
calculation&” and also in agreement with the sign found in the contributions to the interface p_arameueﬁ_sandy which
bulk dilute alloys®?® g is positive for the pure metals Co, arise respectively from the intrinsic potential and from dif-
Ni, Fe and alloys located on the line with45° decreasing fuse scattering .by_int_erface !mpgrfections. We know from
slope in the Slater-Pauling plog is negative for alloys on theory that the intrinsic contribution can be of the order of

the branches of the Slater-Pauling plot with positive slopgNagnitude of the experimental values but we cannot rule out
from Ni (NiCr), Co (CoCr, CoMn), Fe (FeCr, FeV); the = SOme significant additional contribution from diffuse scatter-

ing. Experiments similar to those on doped layers reported
here but with interfaces of controlled roughness and doping
fwould be useful to clear up this last point.

classical interpretation of the negative sign, thapis>p |,

is the existence of a resonant scattering on erdptypurity
states in the majority spin direction. For the contribution o
interfaces, we also find positive and negative values of the
spin asymmetry coefficienty. Negative values ofy are
found for Col/Cr, Fe/Cr,CoFe/Cr, and Py/Cr interfaces, This work was supported in part by the Ford Research
while vy is positive for all the interfaces of metal or alloys Laboratory, the National Science Foundation under Grant
with Cu. This is in agreement with theoretical predictions.Nos. DMR 94-23795 and MRSEC 94-0017 and the MSU
Also we find always the same sign fgrfor alloysFN and  Center for Fundamental Materials Research. A.F. acknowl-
for y for an interfaceF/N, which reflects some similarity in  edges support through the NEDO program of Ja(baterna-

the electronic structure in both cases but should not be #onal Joint Project “Spin-dependent quantum effects in ar-
general rule. tificial nanostructures and spin devicgs”
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