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Electrical transport properties of bulk Ni ;Fe,_. alloys and related spin-valve systems
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Within the Kubo-Greenwood formalism we use the fully relativistic, spin-polarized, screened Korringa-
Kohn-Rostoker method together with the coherent-potential approximation for layered systems to calculate the
resistivity for the permalloy series phe, .. We are able to reproduce the variation of the resistivity across
the entire series; notably the discontinuous behavior in the vicinity of the structural phase transition from bcc
to fcc. The absolute values for the resistivity are within a factor of 2 of the experimental data. Also the giant
magnetoresistance of a series of permalloy-based spin-valve structures is estimated; we are able to reproduce
the trends observed on prototypical spin-valve structures.
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. INTRODUCTION NicFe,_.(100 A)/Co(6 A)/Cu(9 A)/Co(6 A)/NiFe, _(5
A). Here we find trends in the current in the plane of the
Permalloy is perhaps the most commonly used magnetitayers(CIP) magnetoresistance ratios that compare favorably
material in a variety of devices. This arises primarily from its with those observed in similar structures.
magnetic properties which combine a reasonably high mag-
netic moment with a low coercivity. In many of its applica- Il. METHOD OF CALCULATION
tions one passes a current through the material, so that its )
electrical transport properties are also important. There have In terms of the Kubo-Green\_/vooq approach for disordered
been several calculations of the transport properties of pellgyered systems with growth direction along the surface nor-

malloy, but none has been completely successful. Thereford@! (z axis) the in-plane conductivity is given by

one of the outstanding challenges has beemlaimitio cal- n
culation of the electrical resistivity and anisotropic magne- Uw(n;c;c)z_z o), (G0, me{xy}
toresistance across the entire f8,_. series. Here we hi=1

present the first part which addresses the resistivity of bulk
permalloy and also the giant magnetoresistance of spin-valve i i + » +
structures containing layers of permalloy. As the lattice ™ WNOQatTrUMImG (ep)J,IMG™(ep)), (1)
structure changes from bcc to fcc et=35% we present .
results for both lattice structures. We are able to reproduc@’here n denoteg the numbe_r .Of layers cop&dereﬂ,
the overall variation of the resistivity across the series; inz.{cl’cz' .- Co} Is @ set containing the Iay_erW|sg compo-
particular we find the signature changes in resistivity aboup'llons, €.g., the Iayng|se concentrations in an inhomoge-
c=35% as the lattice structure changes from bcc to focc€ously disordered binary alloy systerg By, (in a homo-
Remarkably we find the magnitude of the resistivity is within geneously disordered allog;=c,Vi; whereas in a spin-
a factor of 2 of the experimental values; noteworthy our cal-valve system A /B,/Ap, the ¢c;=1Vie Ay, andc;=0\Vi
culated values are larger, so that when one relaxes the ag=By). In principle the magnetization in each layer of a mul-
proximations we made one reduces the resistivities and agiayered  structure can be different, andC
proaches the measured ones. ={M;,M,, ... M.} denotes a particular magnetic configu-
Here we outline oumb initio calculation and present our ration, where theM; refer to the orientations of the magne-
results for the resistivity across the entire.Ré . series. tizations in the individual layersr, , is the conductivity that
Then we conclude with results on prototypical spin-valvedescribes the current in layecaused by an electric field in
structures containing permalloy layers, e.g.,layerj, Ny the number of atoms per plane of atorfk,; is
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the atomic volume(- - -) denotes an average over configu- points along thez axis). With this choice thexx andyy
rations,J'H is the wth component of the current operator ref- components in the above equations are identical, hence we
erenced to théth plane, ands™ is the electron propagator have taken the direction of the currefefectric field to be
(one-particle Green'’s functigrirom planei to j at the Fermi  along thex axis so as to simulate the CIP transport geometry
energyer . The resistivity corresponding to the conductivity (with the magnetization pointing uniformally perpendicular
given by Eq.(1) is then defined by to the current axijs
Consider the following systems:

pu(McC)=1lc,,(n;cC), me{xy}. 2
, o , , a) Ni.Fe,_.(100/(Ni.Fe _.),/Ni.Fe _.(100),
This expression is restricted to CIP; for currents perpendicu- ( Pl (NicFer—c)n/NicFe,—c(

lar to the planes of layer€CPP the resistivity for a finite
layered structure cannot be written in this w@ge Ref. 2
By assuming two different magnetic configuratiodsand )
C’, the relative change in the resistivities between them is (c¢) Vacuum(NicFe ), /Vacuum.
given by the ratio

(b) Ni.Fe, _;(100)/(Ni.Fe, ),/ Vacuum, 4)

All three cases refer to the in-plane conductivity for a film

with n monolayers of permalloy; what distinguishes them are
) 3 the boundary conditions.In case (a) we have outgoing
(n;c;C") boundary conditions on both sides as there is nothing that
) . separates the film from the substrate it is deposited on nor
For example in spin-valve structur€s andC refer to “an-  from the overlayer that caps it, i.e., some electrons will leak
tiparallel” and “parallel” alignments of the magnetizations oyt into the semi-infinite leads and their momentum informa-
of the magnetic slabs, and this ratio is referred to as the giaRfon will be lost hence producing an additional contribution
magnetoresistand&MR) ratio. We adopt this definition of  tg the resistivity. In(b) we have a free surface on one side
the GMR ratio, rather than the one used to report experimenyhich makes it reflectingthe work function is finite so that
tal results(in which the denominator is the resistivity of the the potential barrier is not infinitely high and there will be a
parallel configuratiop because the ratio given by EQ®) is  g|ight leaking out of electrons into the vacuum that has to be
bounded between zero and one. However, when presentigyen into account In the third caséc) we have a perfectly
our results we will show values corresponding to both defi+at free standing film with reflecting boundary conditions on
nitions of the GMR ratio; while the absolute values will of poth sides. Only iric) the calculated in-plane conductivities/
course be different for the two definitions, the conclusionsiegistivities for a perfectly flat film are principally indepen-
drawn are usually not affected by the choice of definition.gent of the film thickness, at least forn>12: roughness
The ratio in Eq.(3) also serves as a definition for the aniso-youid act like an outgoing boundary condition. However, for
tropic magnetoresistance of homogeneously disordered bull| three cases one obtains the so-called bulk residual resis-
alloys, ¢j=c,Vi, with uniform magnetizationM;=M.Vi, ity pOc;C) of substitutionally disordered binary alloys

with C" and C referring to configurations with the magneti- \ith respect to a particular magnetic configuration by taking
zation pointing uniformally parallel and perpendicular to thethe infinite-thickness limf

current axis(however, in this case the ratio is usually taken
with respect to an averaged re5|st|\)r1_ty p%(c:0)= lim p, . (n;c,C). (5)

In the present paper all calculations are based on self- N
consistent effective potentials and effective exchange fields
as obtained previoushby using the fully relativistic, spin- This infinite-thickness limit (— ) can be obtained easily
polarized, screened Korringa-Kohn-Rostoker method tosincenp,,(n;c;C) becomes linear im, if nis large enough;
gether with the coherent-potential approximation for layeredts slope simply refers to the extrapolated resistivitge also
systems. For permalloy a fully relativistic spin-polarized cal-the discussion of Fig. 2 in the next sectioft should be
culation of the resistivity is essential in order to properly noted that with the adopted orientation of the magnetization
account for the spin-orbit coupling of the electron states agq. (5) refers to currents perpendicular to the orientation of
well as for the scattering by the disordered constituents ofhe magnetization.
these binary alloy$® The surface-Brillouin-zone integrals In addition, for computational purposes a finite imaginary
needed in the evaluation of the electrical conductivity withinpart § to the Fermi energy has to be used in the calculation of
the Kubo-Greenwood approdctvere obtained by consider- the conductivityo, ,(n;c;C; e-+16).8 To designate resistiv-
ing 1830 k points in the irreducible wedge of the surface ities calculated with finiteS we adopt the notation
Brillouin zone. All scattering channels up to and including
Il max=2 were taken into account. In Ref. 3 we have made Puu(N;CC0)=1l0,,(N;C;Cie+16), we{x,y}. (6)
quite some effort to discuss the magnetic anisotropy proper-
ties in permalloy and permalloy-based spin-valve structuresThe actual resisitivity is arrived at by numerically taking the
Although in such spin-valve structures the orientation of thdimit as the imaginary part goes to zero
magnetization tends to be in plane, here—for ease of
computation—we have chosen the magnetization to point puu(NicO)=limp,,(n;c;C; ). 7)
perpendicular to the planes of atoifi®., the magnetization 5—0

PG~ P (MEO)
RM#(n,C,C,C )_

Pup
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LRI IR tions ton—< [Eq. (5)], and then numerically take the limit
as 6—0 [Eq. (7)], we find p°(0.852)=p%(>;0.857;0)
=7.1 pQdcm which is the calculated resistivity for
Nig g€ 15 t0 be compared with experiment. It should be
noted, however, that the extrapolation procedures give an
upper limit for the resistivity since due to computational con-
straints our calculations can be done only umte45 with
6=2 mRyd [i.e., the slopes ohp,,(n;c,C;5) might be
slightly too high, and close té=0 there might be small
deviations from linearit} Parenthetically, a similar extrapo-
T lation procedure on a film with no disorder, i.&=1.0,
1 5 10 15 20 25 30 yields finite py,(n;1.0;C; 6) in both caseda) and (c) for fi-
nite 5, however, the fi—«, 5—0) extrapolated value

p9{(;1.0;C;0) for outgoing boundary conditions, as well as

FIG. 1. Variaton of the layerwise conductivites the (6—0) limit pieA(n;1.0,C;0) for reflecting boundary

o' (30;0.85%; - +i2) [Eq. (8)] across the film for 30 monolayers Cconditions, are both zero.
of permalloy with a homogeneous Ni concentratiort 6f0.85 for a

layer-wise conductivities [a.u.]

layer-index i

fixed 6=2 mRyd with different boundary conditions: The values IIl. RESULTS
for the reflecting boundary conditions are shown as empty squares,
those for the outgoing boundary conditions as full circles. A. Bulk alloys

For casgb) of Eq. (4), Eq. (5) is precisely the procedure

If we are interested in the bulk residual resistivity th& ( pursued in experimental studies; see Fig. 6 of McGuire and
—0) extrapolation is simplified by the fact that the slope of pottef where the thickness dependence of the resistivity of
Np..(N;CC;6) (determined at large enougf) is itself lin- Njj . Fe, ;4 films is shown. It is well known that the film
ear iné. resistivity increases as films become thinner; the resistivity

As a check on the above extrapolation procedure we usefbticeable increases when the film thickness becomes much
to arrive at bulk values of the reSiStiVity from those on films smaller than the mean free path of the conduction electrons.
of finite thicknesqEq. (5] we have calculated in-plane re- |t js quite interesting to realize that the measured resistivity
sistivities (with the magnetization pointing uniformly along reaches its asymptotic bulk value only for film thicknesses
the z axis) for 30 monolayers of permalloy with a homoge- \ell above 500 A. In Fig. 2 we display the thickness depen-
neous Ni concentration af=0.85 for a fixed6=2 mRyd o0 of our calculated®(n;c:2;0) for case(@) of Eq. (4)
with different boundary conditions: For the reflecting bound-as a function of the number of layersconsidered in the
a:g/f cond|t|9ns [case (c)] we f|.nd. a re5|st|y|ty .Of summation in Eq(1). As can be seen, for small valuesrof
Pxx(39;°-852?2):20-6 psd cm. A similar calculat|or_1 with the corresponding changes ipggt(n;c;E;O) are large,
og:tgomg t30undary condmons-[case (a)] yields whereas—just as for the experimental data—for large
Pxx(30;0.857,2)=31.5 pQl cm which by taking n—c enoughn p%{(n;c;z;0) approaches towards its asymptotic
yields p2u(;0.857;2)=20.6 u{ cm; precisely the same value, i.e., the functional behavior afp®i(n:c:7:0) be-
value as found for the reflecting boundary conditipnase come’s Iinéar im. Inspecting our fi— w) é;tra,p(’)k,ﬂion we
(c)]. This unequivocally demonstrates that the procedure oute 4 (again in éccordance with experimgnthat above
lined above is able to remove the resistivity that arises from ~ L
the boundary conditions on finite structufel Fig. 1 we  °8° A (=330 monolayers) the deviations from the bulk

show as an illustration the variation of the layerwise conducfesidual resistivity are smaller than &£ cm, i.e., in order
tivities to talk about “bulk” in terms of resistivities one has to con-

sider a tremendously thick film of several thousands A. It
. noo should be noted that in order to arrive at bulk resistivities the
Ty (N;CC; eF+i6)=_2 o) (n;c;C;ec+i0), (8) same kind of linear extrapolation procedure to very lange
=1 [Eqg. (5)] is done both with experimental data and with our
across the film with reflecting and outgoing boundary condi-calculated resistivitiefEqgs. (1) and (2)]. _ _
tions. For the outgoing boundary conditions where some In Fig. 3 we show our theoretical asymptotic bulk resis-
electrons leak into the leads all layerwise conductivity condivities p°(c;z) = pS{=;c;z;0) obtained by performing both
tributions are substantially smaller than for the reflectinglimits (n— and §—0) for the entire concentration range
boundary conditions, the difference becoming progressivelyogether with available low temperatuie2 K) experimental
larger when we get closer to the outer edges of the fimdata®1?The overall trends of measured data can be obtained
When we apply reflecting boundary conditions the layerwisefrom an inspection of Fig. 1 of the section on.Ré _. in
conductivities are practically constant with small oscillationsRef. 13 which shows the temperature dependence of the re-
from the boundary towards the center of the film resemblingsistivity for the whole range of concentrations. From this
the well-known Friedel oscillations. When we take the resultfigure one can see that by lowering the temperature the elec-
for 6=2 mRyd corresponding to outgoing boundary condi-trical resistivity becomes increasingly sensitive to the struc-
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FIG. 3. Concentration dependence of the current-in-plane resis-
100 tivity of “bulk” Ni Fe,_. alloys calculated as the infinite-thickness
limit of NiCFel,c(loo)/(NicFel,c)on/NiCFel,c(loo)[po(c;i)
-~ 80F 7 =p§§j‘(oo;c;2;0)]. The results for the bcex phase are shown as
§ empty squares, for the fcg phase as full circles, and the open
% 60 | 4 circle atc=85% refers to a calculation with,,,=3. Low tempera-
: ture (4.2 K) experimental values are displayed by cros$esf. 9,
E 0L | diamonds(Ref. 10, pluses(Ref. 11, and open trianglefRef. 19.
N 20| i from Fig. 3, the difference between thg,,=3 and thel 4«
=2 (that is used in all other calculationsesults is rather
small; however the trend for the inclusion of higher scatter-
0 ' ' ' ' ' ' ) ing channels is to lowefslightly) the resistivit
6 12 18 24 30 36 42 9 . gntly s Y.
Although the theoretical resistivities agree rather well
number of layers n with the experimental ones, the difference at a particular con-

FIG. 2. Thickness dependence of the current-in-plane resistivitfentratlon being of the order of £ cm, it seems appro-

: : ; : priate to comment on the putative sources of the difference.
in bee (alu?m?l f.(i?(b) NicFe-o(100)/(NFe-c)n /NicFe,-o(100) oo all, in the present upse of the Kubo-Greenwood equa-
alloys[ py,(n;c;z;0)]. The Ni concentration in % is indicated ex- _. . .
plicitly; n denotes the number of layers considered in the summa'EIOn for Igyered systems no vertex corrections arising fror,n
tion in Eq. (1). the qonflgurat_lonal average of the produqt of two Green’s
functions are includeg@see also the discussion in Rej. In
tural phase transition from bcc to fcc; at the temperature ofinother calculatictr of the resistivity of bulk NiFe, _. the
liguid nitrogen (=195 C, the lowest isothermal curve dis- vertex corrections were calculated and found to be quite
played in the Fe-rich bccx phase the resistivity reaches a small over the entire range of concentratiohise., no larger
maximum at about 15% of Ni and then slowly decreases uphan the differences between thg,,=2 andl,,=3 results
to 30% of Ni, whereas in the Ni-rich fcg phase the resis- atc=0.85 in Fig. 3. Second, the single site approximation to
tivity starts to grow below 50% of Ni and seems to divergethe coherent-potential approximation is used to describe the
near the critical concentration for the structural phase transielectronic structure of substitutional alloys. This in turn im-
tion. This anomalous increase in resistivities and a large deplies that short range order or concentration fluctuations are
parture from Nordheim’s law was also found by low tem- excluded. Both the inclusion of vertex corrections and the
perature measuremers.n the —195 C curve we also inclusion of short range order will reduce the present theo-
discern a weak shoulder at about 85% Ni; this feature is welfetical resistivity values. Furthermore, in magnetic alloys
resolved in the low temperaturé4.2 K) experimental magnetic ordering or clustering can occur; as it implies some
data® ! As can be seen from Fig. 3 our theoretical valuesordering, which we have not taken into account, it will again
reproduce quite well the vicinity of the rather complicated (slightly) lower the resistivity.
martensiti¢* structural phase transition from bcc to fcc at  In two previous theoretical papérsthe validity of the
about 35% of Ni. There is indeed a maximum in the bccso-called two-current model for transport in ferromagnetic
phase at about 15% of Ni; the onset of the phase transition isystems with strong spin-dependent disorder was tested; the
clearly visible. Also—just as the experimental data—in theresistivity and the anisotropic magnetoresistance for
fcc phase the theoretical values show a kind of shoulder afli.Fe, . bulk alloys was calculated by solving the Kubo-
about 85% of Ni. Greenwood equation using a spin-polarized, relativistic ver-
For this concentrationc=0.85) we performed an addi- sion of the Korringa-Kohn-Rostoker method together with
tional calculation using a maximum angular momentumthe coherent-potential approximation. As these calculations
guantum numbel,,,,=3 (see also Ref. 15As can be seen were done on a fcc lattice for the whole concentration range
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their results are not applicable to the Fe-rich bcc alloys. 28 T T T T
Nonetheless a very weak shoulder at about 80% Ni can be ... (@
discerned from their Fig. 4Ref. 4—in agreement with the 26 ’ ]
experimental data and our present calculation; see Fig. 3. L] .
However, the resistivities they find for 80% Nip 24 1
=1.8 nuf) cm, as well as the maximum at about 40% Ni, & '
p=3.2 Q) cm, are too low by about a factor of 2 as com- % 22} 4
pared to available experimental data. o L

It should be noted that a nonrelativistic calculafiofthe 20} i
resistivity in the fcc phase of e, . bulk alloys yielded
much too low values and failed to describe the above men- 18 F 4
tioned shoulder at about 80% Ni. Since no technical details L L L L
of the applied approach were given and since the effect of 0 20 40 60 80 100
spin-orbit coupling was only roughly estimated, no further Ni concentration ¢ [%]
comparison to the present fully relativistic calculations can
be made.

26 T T T T T
B. Spin-valve structures 24r . ® 4

The main purpose of our study has been to show how well 22t . .
resistivities for disordered magnetic systems with only two- oy
dimensional translational symmetffims) can be described, E‘ 2r 1
and to confirm that by taking the appropriate limit we derive =8l J
the bulk resistivities from those calculated for films. Since a ©
large number of spin-valve structures that are used in appli- 16 ]
cations, e.g., the read heads of hard disk drives, contain per- al |
malloy layers, we conclude with some results on their trans-
port properties. Including permalloy layers into a multilayer 12 L L L L L
system the electronic structure and the magnetic properties 4 5 6 7 8
are considerably more complicated than for bulk permalloy; number of Cu-spacer layers n

specifically they are sensitive to the thickness and Ni con-

centrationc of the permalloy layers, and to the constituency FIG. 4. Current-in-plane magnetoresistance for permalloy-based
of the neighboring layers. Therefore for concreteness we fospin valves: (a) Concentration dependence for fcc-based
cus on a permalloy-based system that has been studied, e.YigFe —(100)/(NiFe, ) 1,C0o,CusCoy(NicFe _ )3 /Vacuum sys-

Si substrate/Cu contacts(1500 A) /Ne,_ (100 A)/Co(6  tems.(b) Dependence on the number of Cu-spacer layeirsfcc-
A)/cu(9 A)/Co(6 A)/NiFe_.(5 A)/NiO(250 A) !’ based N g€ 15(100)/(N g€ 15 12C0,CU,COy(Nig g€ 153/

and we replace it with the reference sys- Vacuum. The CIP-MR ra}ti(.). dgfined by I;(B) is shgwn as dia-
tem NiFe,_.(100)/(NiFe _ ) 1,C0,CU,Coy(NiFe )3/ monds, its altern_atlve _deflnltlgme., the ratio taken with respect to
Vacuum. In all cases shown a f&00) stacking was chosen, the parallel configurationas circles.

the lattice spacing refers to that of the corresponding fcc bulkgr ¢<35% when there are relatively thin layers in a fcc
NicFe . system. In this transcription the rather thick per- muitilayered structure it is appropriate to maintain the fcc
malloy layer of about 100 A £56 monolayers) is consid- lattice structure even for the Fe-rich alloys. In the parallel
ered as a substrate, the insulating NiO layer is replaced by eonfiguration of the spin valve the magnetizations of all per-
free surface(vacuun), and all other thicknesses are ex- malloy and Co layers are aligned uniformly perpendicular to
pressedin monolayerg as close as possible to the measuredhe plane of the layers; in the antiparallel configuration they
structure. The 12 layers of Mte,_. are deliberately chosen are still normal to the layers but the magnetizations of the
SO as to guarantee a smooth matching to the substrate viatwo magnetic slabgseparated by the Cu spaggmoint in
self-consistent calculation; this in turn would also allow us toopposite directions to one another. The conductivity is evalu-
change the left boundary condition such that in principle aated at a finite imaginary part to the Fermi enerdy,
system of the type =2 mRyd; this is necessary for otherwise the calculations
Vacuum/(NiFe, _.)56C0,Cu,Cos(NiFe )3 /Vacuum would take an inordinate time. In principle, in order to obtain
could be described by assuming that the layers in the verthe resistivity we have to take the limit &s-0 [see Eq(7)].
interior of the thick NiFe,_. layer exhibit bulk-like proper- However, it is virtually impossible for technical reasons to
ties. do this up till now for a whole series of spin-valve structures;
We have considered two series: in the first the Cu-spaceherefore we do not show the resistivities we calculated for
thickness is confined to=5 and we vary the Ni concentra- finite §. But with the assumption that both resistivities for
tion ¢ while maintaining an fcc lattice throughout; in the the parallel and the antiparallel configuration of the spin
second we set=0.85 and vary the number of Cu-spacer valve scale uniformly with$, and therefore cancel out in the
layersn. While the structure of NFe, _. bulk alloys is bcc  ratioR[Eq. (3)], we have used them to estimate the CIP-MR
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ratios that one can expect from these spin-valve structuresheoretical calculations predict when we use the resistivities
As we have chosen the orientation of the magnetization to bealculated with finites, and when we make the assumption
perpendicular to the current our calculations should be comthat for both the parallel and the antiparallel configurations
pared only to measurements for the current in the plane abf the spin valve the resistivity scales uniformly wishand

the layers perpendicular to the magnetization, otherwise artherefore cancels out in the CIP-MR rafid

isotropic magnetoresistance contributions of permalloy enter.

Since we found that the band energy effects to the magnetic IV. SUMMARY

anisotropy energy in permalloy-related spin valves are quite _ L _ .
small, wgycan a%cipeﬂe that tk):e GMR Wiﬁ not change mquch By using our fully relativistic, spin-polarized, screened

when one rotates the magnetization in the plane of the |ayer£<_orr|nga—Kohn-Rostqker method together with the coherent-
In Fig. 4a we show the variation of the calculated potential approximation for layered systems we have calcu-

CIP-MR ratio of the reference system with the Ni concentraated the resistivity across the entire.Ri,_¢ (permalloy

tion c for the fixed Cu-spacer thickneas=5. As can be seen series of bulk alloys within the Kubo-Gree_nv_vood approach.
the CIP-MR varies only very littl§17.5-21.5 % and 21.5— We are able to reproduce the overall variation of the resis-

27.0 % for the two definitions of the GMR ratio: see also thellVity @ @ function of the Ni concentration; in particular we

comment after Eq(3)] over the whole range of concentra- reproduce the discontinuity in the vicinity of the structural
tions considered. In Fig.(8) we show the variation of the change from bec to fcc._AI_sp_we obtain very reaso_nable ab-
CIP-MR ratio for the reference system corresponding: to solute values for the resistivities. We have also estimated the

—0.85 with respect to the number of Cu-spacer layeiy CIP-MR ratios for permalloy-based spin-valve structures and

doubling the number of Cu-spacer layers, i.e., by going fronWithin the limits of our current calculation find trends that
n=4 ton=8, the CIP-MR is reduced by ,al.m.c,)st a factor of &€ in reasonably good agreement with those measured on

two (again independent of the choice of definition of theprototypical spin valves; there is of course the caveat that

GMR). This dramatic decrease can be understood in terms ;{FOSt of the data on spin valves is quoted at room tempera-

a simple model: since on increasing the thickness of the no Er? Whr"? oulrt res;;ltsb are;o‘;; (i)nitli<' It Slholu[[? ge \f\fiﬁsied
magnetic spacer layett,, the CIP-MR decreases as at our resufts are base 0 calcuiations 0

(1, ) exXp(—ton/\ ) .2 Whereh, is the mean free path of adjustable parameters. Viewed in this light the calculated

the conduction electrons in the nonmagnetic spacer layer, tH’gSIStIVItIeS and GMR ratios are noteworthy.
ratio Ry, (t,m/Ru(2tym) =2 for t,<\,m (Which is a neces-
sary condition to find at all a CIP-MR and certainly valid for
our t,, varying between 7.1 A and 14.2 A). Our findings  This work was supported by the Austrian Science Foun-
seem to be confirmed by experiments made on similadation(T27-TPH, P1214% the Hungarian National Science
system& albeit at room temperature, while our calculated Foundation(OTKA T030240, T02981B the Defense Ad-
values are foT=0 K. Depending on the actual thicknessesvanced Research Projects Agency and the Office of Naval
of the bottom and top NFe, _ layers, of the Co slabs and of ResearciN00014-96-1-1207, MDA 972-99-C-0DNATO

the Cu spacer, and the pinning and capping layers used, tH€RG 960340, and the RTN network on “Computational
experimental CIP-MR ratios in permalloy-related spin-valveMagnetoelectronics” (HPRN-CT-2000-00143 We also
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