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We have studied the dependence of impurity vs band effects in the appearance of inverse giant magnetore-
sistancgIGMR) in Cu/Fe superlattices with Cr. Current in plaf@P) and current perpendicular to the plane
geometries are considered. For the calculation of the conductivities, we have used the linearized Boltzmann
equation in the relaxation time approximation. Cr impurity effects are taken into account through the spin-
dependent relaxation times and the band effects through the semiclassical velocities obtained from the local-
density approximation calculated electronic structure. The larger the Cr/Fe hybridization strength, the bigger is
the tendency towards IGMR. In particular, in CIP geometry roughness at these interfaces increases the IGMR
range. The calculated giant magnetoresistance ratios have been compared with the experimental results. From
this comparison we conclude that the experimental data can only be explained by taking into account Cr bands.
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I. INTRODUCTION the interfacegCPPB. However, the CPP transport configura-
tion is theoretically easier to understand and to m8del.
The fast development of new materials and their applicaCIP geometry the electric transport is always diffusive be-
tions to nanodevices have made the transport properties a hcause in this geometry the lengths traveled by the electrons
area of research in the past years. Many of these nanodevicasee much larger than the mean free path. In CPP it is possible
are based on magnetic multilaygifdML's ), that show the to obtain length scales larger, of the same order, or shorter
giant magnetoresistand&MR) effect discovered in 1988, than the mean free path. Thereafter in the last geometry,
this effect has produced a big impact because of the novaliffusive, ballistic or an interplay between these regimes can
physics responsible of the mechanisms involved in thise present or achievable. Nevertheless, questions concerning
phenomenon. the relative importance of different factors on GMR, such as
At the nanolength scales, reached by new devices, tranga) interfacial roughness and/or interdiffusiéii) competi-
port may show up in two possible regimes: diffusive fortion among the different length scafésnd of (c) bulk vs
length scales larger than the mean free path, or ballistic ifnterfacial scattering'® are still open and are being actively
they are shorter. Actually, in a real MML there could cer- investigated.
tainly exist an interplay between both regimes. One of the most successful and frequently used transport
The spin-dependent potentials, seen by the electrons imodels for MML's is the Valet-Fett one (VF). This simple
these nanosystems, are responsible for GMR. These potemodel is specially well suited for diffusive transport in CPP
tials can be classified in two groups. One of them is theconfiguration. The main idea behind this description is that
so-called extrinsic potential arising from the scattering withelectric transport in a MML can be modeled assuming that
defects in the bulk and at interfaces, and it is usually asthere are two currents, a minority and a majority one con-
sumed to be the main source of GMR in the diffusive regimetributing both independently to the total current. This as-
The other type of spin-dependent potential, the intrinsic onesumption is true if the layers’ thicknesses are smaller than the
is determined by potential steps at the ideal interfaces of thepin-diffusion length which is the characteristic length for
MMLs. If the system considered is periodic, all information GMR in CPP. On the other hand, within this model each
about the intrinsic potential is given by the energy bandslayer of the MML should be thick enough to be considered as
Schepet al? have shown that the GMR in the ballistic re- a resistor. Then, the MML's can be regarded as being built by
gime is produced by the intrinsic potential. However, calcu-resistors arranged in series, each resistor being a source of
lations done within the semiclassical approach, using thecattering(in the bulk or at interfacgs For this assumption
Boltzmann equation in the relaxation-time approximation,to be valid there should be no quantum interference among
have accounted for several experimental results in the diffusources of scattering. If the distance between interfaces is
sive regime’™® shorter than the mean free path, there will be quantum co-
The experiments on magnetotransport in the MML's areherence, and this model breaks dovBozecet al®). Actu-
mostly performed with the electric current flowing parallel to ally the VF model has been successfully applied even on
the interfacegcurrent in plangCIP) geometry because the systems that are far beyond its formal validity limits, this is
experimental setup in this geometry is easier to achieve thagiue to the fact that the coherence lengths in this geometry
the one corresponding to the current flowing perpendicular thecome of the order of the layers’ thicknesses because of the
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presence of roughness and spin accumulation at the inteit-should, thus, be possible to consider that, in the average, a
faces. On the other hand, nowadays, it is possible to growontinuous Cr layer survives leading to the Cr band effects
MML's composed of very thin layers, and therefore the dif-and that interdiffused atoms can be regarded as impurities.
ferent components of these MML's cannot be treated as inWe compare, then, results of GMR calculations for different
dependent resistors and should be considered as a Wifole. interfacial arrangements of Fe and Cr atoms in the above-

It has been experimentally shown that in CIP the charactentioned MML's and analyze the different contributions
teristic length for GMR is given by the mean free path. Fur-leading to IGMR in these MMLs. . .
thermore, in this last geometry there is no spin accumulation. e perform the transport calculations within the semiclas-
at the interfaces and the electrons traverse a fewer number 8fc@l Boltzmann approximation. The band contribution to
interfaces than in CPP, this means that if the thicknesse€ansport is explicitly taken into account through the semi-
involved are shorter than the mean free pétbughly the classical velocities that enter the linearized Boltzmann equa-
coherence limji, a transport model based on band-structurdion- Vertex correctiongbackscattering terms of the semi-
calculations becomes realistic for CIP in the dilute impurityclassical  Boltzmann equatipnare neglected in our
limit. calculations. In CIP these corrections are less important than

Experimentally two kinds of GMR's are observed: direct N CPP geometry, but our CPP results should not be disre-
and inverse. In the first case the resistance decreases wigdrded as they are indicative of trends. The other ingredient
increasing magnetic field while in the second case it in_enter_lng t.he transport calculat_lons are the spm-dep(_endent re-
creases. Direct GMRDGMR) is more commonly observed laxation times, which we obtain through a parametrized pro-
than the inverse ondéGMR), which has only been measured cedure. Only impurity scatterings at the interfaces gnd in the
in a few system&?~24In particular, Georgeet al’2 found a bulk are considered in the evaluation of the relaxation times,
small IGMR ratio for transport in the CIP configuration for a @nd this scattering is thought to be elastic and spin conserv-
Cu/Fe multilayer system where a thin Cr layer is intercalated™d (N0 spin flip is taken into accountWe are aware of the
within half of the Fe layers. This inverse effect has peenlimitations of a transport calculation that is not completely
attributed to the existence of alternating spin asymmetries ofP initio, in the sense that relaxation times and semiclassical
the electron scattering at the different interfaces of the€locities are not obtained on the same footing. But, as we
superlattic&® (this explanation is actually better suited for are looking for trends of conductivity ratid&MR) and not
measurements done in CPP geomethy this experiment, a for precise conductivity values, we consider this approach to
mixing of low-field IGMR, which adds to the high-field nor- P€ & suitable one for that purpose.

mal DGMR to be attributed to Cr/Fe, is observed. At low ~ The goalis to “ measure” the relative importance of hav-
field (<150 G) the IGMR is due to the alternating spin N9 ordered Cr/Fe interfaces, which give rise to a substantial
asymmetries of the two different kinds of magnetic |ayersmod|f|cat|on of the bands of the Fe/Cu MML's, vs the effect

present in the sample. For larger fields, the normal and larggf isolated Cr impuritiegwhich do not form bandson the
DGMR usually observed in Cr/Fe multilayers overweightsSign of the GMR of these systems. The GMR is calculated as
the low-field effect until for very large fields the Fe and Cr & function of the relative concentration of Cu and Cr scatter-

spins, within the Fe/Cr/Fe trilayers, finally align. ers that constitute the impurity effect. . _

In this work we investigate the GMR in different transport 1 1iS paper is organized as follows: After this introduction
geometries, and also get insight into the importance of banthe methqd of calculation is outlined in Se(_:. I, the results are
and impurity effects on the magnetoresistance ratio. The caProvided in Sec. Ill, and the conclusions in Sec. IV.
culations are made for multilayered systems of the type
(Fe/Cu/Fe/Cr/Fe/Cy). We consider these systems to be ap- Il. METHOD OF CALCULATION
propriate for this study, as the deposited Cr layer is so thin
that it is not clear if the observed IGMR is due mainly to ~As mentioned in the Introduction, the conductivities are
impurity or to band effects. calculated within the Boltzmann approach in the relaxation-

We mainly calculate low-field GMR ratios, that is, the time approximation and no spin-flip scattering is considered.
GMR ratios that correspond to saturation fields for the relaThe semiclassical Boltzmann equation is valid only in the
tively weak antiferromagnetic(AF) coupling in Cu/Fe low impurity limit, and in the absence of vertex correction
multilayers'® the conductivity tensor is given by

The questions we want to address af@: the relative
importance of intrinsidband$ vs extrinsic(impuritiey ef-
fects on the observed IGMR in Cu/Fe MML's containing Cr, b > vi, (K, (k) dle5(k) —egldk, (1)
(b) the dependence of the GMR ratio on the number of Cr/Fe 87" vs
interfaces and/or on the roughness of the interfaces,(@nd
the possible coexistence of IGMR in one geometry ands denotes spin index; the band index, andg is the Fermi
DGMR in the other. To carry out this study we considerenergy. To obtain the semiclassical velocitieﬁ(k), the
Cu/Fe multilayers in which one or more layers of Cr atomselectronic bands are used. For this purpose, the electronic
are intercalated in the middle of alternating Fe layers. As Fetructure of the considered superlattices is obtained using an
and Cr have nearly the same atomic volume, one expects @il-electronab initio method, themieng7 code’® which is an
to partially interdiffuse. We also think that depending onimplementation of the linearized augmented plane-wave
growth conditions, interdiffusion is not necessarily complete;method(FPLAPW), based on density-functional theory. The
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local spin-density approximatio(LSDA) for the exchange TABLE |. o3 is the inverse of the residual resistivity of Fe
and correlation energy as given by Perdew and Wang ibulk in the presence ok-type impurities(1%); the values are taken
usedt® from Ref. 21 and are given i) cm)~ 1. Bar. Means the asym-
Within our model the relaxation timeS is k-state inde- metry coefficient of Fe in the presence Aftype impurities; the
pendent but spin dependent, and a parametrized schemeV@lues are taken from Ref. 53, are the Fe relaxation times per
used for its determination. We assume that there are interdifiPin channel obtained using @), and are given in arbitrary units.
fused Cu impurities in the Cu/Fe interfaces and Cr impurities

in the Cr/Fe ones as well. It was shown in Ref. 20 that Impurity (A)

magnetic impurities in Cu make a small contribution to the Cr Cu

local density of states at the Fermi level, and should be;

thereafter, ineffective for GMR. The Boltzmann approxima- e 0.12 0.53

tion being valid only in the low-impurity limit, we assume o 0.70 0.065

that the concentration of both types of scatterarg, @nd  Bare 0.11 3.68

Ccy) is very small. ThiFe 1.05 4.84
As we are interested in the evolution of the GMR as arj, 9.75 131

function of the relative concentration of both types of scat-

terers through their modification of, we consider that for

each of the studied superlattices, the total number of scatter- O AFe= ThiEeT Lt ThET Les (4)

ers per unit cell is fixed, and that it is equal to a certain
constantk, that is, where o, are the isotropic band contributions to Fe bulk
conduction for the corresponding spin channel divided by its

relaxation time.o}, are obtained from our electronic-band
Naee is the number ofA/Fe interfaces per unit cell\(=Cr  calculationso e is the inverse of the total residual resistiv-
or Cu) andcy, the atomic concentration of atoms of tydeat ity of bulk Fe in the presence of 1%-type impurities, the
the corresponding interfaces. corresponding values are taken from Ref. Bee Table)l

In the dilute impurity limit the scatterers can be taken as With the aim of reproducing the experimental GMRHKs
being independent, and this leads us to use a Mathiessertsirvel? we simulate the effect of applying large magnetic
like expression for*. Therefore the value of° is calculated fields to the samples. In order to do that, we perform fixed
as a weighted average of, and 7¢,re Using the relative  spin moment(FSM) calculations by constraining the total
concentrations as the weighting factors. Thus, for paralletell magnetic moment. We increase the latter progressively
magnetic configuration of subsequent Fe layers, we propodewards its high field saturation value and for each total cell

CeNewret CauNewre= K, Cey Caor<l, 2

for 7° the following expression: moment we obtain the GMR coefficient.
. . We define the GMR coefficient as
1 K|[1—Xe Xg
_s:N( — +— r). ) ;i (AP)
T TcuFe  TCrF GMR= -1, —1<GMR<+w» (5)
aii(P)
where .
whereP (AP) stands for parallelcounterparallglconfigura-
— NcrreCor tion. If this coefficient is positivenegative we are in the
cr= presence of IGMRDGMR). The P configuration meant in
N +N
Curdcu™ Neréer Eq. (5) is in general the one corresponding to the Fe layers
and aligned across Culow field saturation In the case of the
FSM calculationd® means the configurations attained in the
N=Ncpyret Neusre: presence of higher fields. AP always indicates the initial con-

— . . figuration for which subsequent Fe magnetic layers separated
Xcr is then the Cr relative scatterer concentratiofe. de-  py Cy are antiferromagnetically aligned.

notes the relaxation time of Fe in the presenceAdfpe
impurities (A=Cr, Cu. When calculating the GMR ratios,
the factorK/N in Eq. (3) cancels out.

For the counterparallel configuration, the corresponding The calculations have been done for superlattices grown
expression forr®, which mixes local majority and minority along the(001) direction and following the bcc structure of
relaxation times in subsequent Fe layers, has to be consigke. As the layers are thin, we assume that Cu grows epitaxi-
ered. Following Ref. 5, for the determination ot in this  ally on Fe and within the same structure; this is actually
configuration we assume that all the local spin densities opeing revealed by x-ray spectroscdpylhe calculations are
state at the Fermi level in the magnetic layers of the superdone for superlattices of the type Fe/Gig,C)/Cu, using a
lattice have the same value. varying number of Cu planes and several combinations of

In our calculations the values &}, appearing in expres- planes and atoms in th&e,C) region. The in-plane lattice
sion (3) are parameters obtained from the spin asymmetrieyarameter considered is the one corresponding to the local-
Bare= TL,FE/TlA,Fe, as given in Ref. 5, and from density approximatiofLDA) optimized Fe buffer, the inter-

Ill. RESULTS
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cially in CPP geometry. In Fig. (b) the interfacial Cr/Fe
distance is equal to the one corresponding to optimized bulk
Fe. Figure 1c) corresponds to a decrease of 4% in the Cr/Fe
interfacial distance, that is, it corresponds to the optimized
Cr/Fe interfacial distance, and Fig.dl corresponds to a re-
duction of 10% with respect to Fig(H). It can be seen that
on increasing the hybridization strength between Fe and Cr
atoms, the tendency towards IGMR also increases. The larg-
est tendencies towards IGMR when introducing a Cr mono-

B CIP-GMR
06 mmCPP-GMR

084 . layer and when increasing the hybridization are clearly ob-

served in CPP geometry.
FIG. 1. Calculated band-only contribution to GMR fda)

Fe;/Cuy, (b) Fey/Cu, /Fel/Cr/Fe/Cy with interfacial Cr/Fe distance
equal to the one of bulk Fé¢) and(d) are the same &) but with
Cr/Fe distances being 4% and 10%, respectively, smaller. The su- In this case Cu and Cr scatterers in the dilute impurity
perlattices are grown along th@01) direction. In this case the limit are introduced in Fg/Cuy (N=3, 5 andM=4, §
in-plane lattice parameter is those of Fe bulk. MML's through the values ofr>. No Cr band effects are
present, that is, no continuous or discontinuous Cr layer is
face Cu/Fe and Cr/Fe distances are also the LDA optimizedonsidered, and only the contribution of varying the relative
ones. The considered muffin-tin radig, is equal to 2.0  cr scatterer concentratiox, in the low-impurity limit on
a.u. for the three kinds of atoms involved in the Stud|edGMR is analyzed for Severa| examp|es_ In F|g 2 we ShOW
systems. The cutoff parameter that gives the number of plan@e result of changing the number of Cu or Fe layers as a
waves in the interstitial region is taken #&4,Kmnax=8,  function of relative Cr vs Cu impurity concentration for su-
whereKax is the maximum value of the reciprocal lattice perfattices that do not contain complete or quasicomplete
vector used in the expansion of plane waves in that zone. Wyyers of Cr. Only the tendencies are relevant for this discus-
find that the optimized interlayer distance between Fe and Cyjon. It is useful to remember that negative values mean di-
layers increases by 5% with respect to LDA bulk Fe whilerect GMR. Changing the number of Fe layers neither modi-
the Fe/Cr interfaces relax by about 4%. fies the tendencies nor the absolute values of the coefficients.
The band structure is calculated USing a mesh of K67 This can be seen by Comparing F|g$a)21nd Zb) where we
points in the full Brillouin zoneg(FBZ), and the band contri- jncrease the number of Fe monolayers from 3 to 5 in the
bution tooy; in Eq. (1) is obtained using a mesh of 200R0  syperlattices. A tendency towards inverse GMR when in-

points in F.BZ. In order to obtain the relative importance Ofcreasin@TCr can be observed. CPP-GMR is more direct than
band and impurity effects and the dependence of IGMR o — _ .
“IP-GMR for almost all values o%¢,, but within this ap-

the number of Cr/Fe interfaces on roughness and on geo S > .
proximation both of them remain direct. Increasing the num-

etry (CIP/CPB, we analyze the following situation§i) Cr .
band effects on GMR(2) Cr and Cu impurity effects on the ber of Cu layers increases the tendency of CIP-GMR towards

GMR of Fa,/Cuy, superlattices, ané®) Cr and Cu impuri- |GMR and it even goes positive within a small rangexef
ties together with Cr band effects. ValueS[See F|g 2[:)], which is what is eXperimenta”y ob-
served for the Cu width considered. The general tendencies

remain the same as in the previous cases. The CPP-GMR

) o ratio remains direct, and almost constant with in all the
In order to obtain the band contribution of Cr on the GMR 5¢es studied in Fig. 2.

ratio, we perform electronic an.d transport cal.culations Ona | the transport calculations performed for this item the
Fé;/Cu, /Fe/Cr/Fe/Cy superlattice as a function of Cr/Fe permj level, e has been kept fixed and equal to its self-
interface distance. We certainly know that the ground stat@gnsistent value in  the corresponding  impurity-free
for the number of Cu layers considered here is not AP, anghtjlayer. We have made an estimation of the error done
that in fact the maximum AP exchange coupling appears fojynen calculating the GMR ratio while keeping fixed for

eight or nine layers of Cu. In spite of this, the tendencies Wy Fq /Cy, superlattice. In this estimation, we consider that
are looking for can be drawn from these calculations, whichhe concentration of Cu and Cr impurities in Fe lies around

are}rleli's dima:endi_ng itrr:eCF:-:-U tli{n%bta'ned tor CPP and CIP 5%, which is a large value for the low-impurity limit as-
ig. 1 we giv results i - — o i i
GMR coefficients. The results given in this figure do not takes.umeOI here. FOXCV_.O'S the variation in the CPP GMR ra
. . o T . - tio due to the Fermi-level shift is of 4% and of 2% in CIP,
into account the variation of® with impurity concentration, . : !
. . this does not change the observed tendencies. We consider

only the band effects on the GMR of this system are consid: S

o . that for the other cases here treated the situation is similar to
ered by takingr® to be the same for both spin channels. For

. . ._the present one.

comparison we also give the GMR values for the superlattice
Fe;/Cu, in Fig. 1(@). Comparing Fig. (a) and Fig. 1b) it
can be seen that the modification of the superlattice bands
through the introduction of a Cr monolayer gives rise to a We analyze in the following examples Cr band effects

large variation of the band-only contribution to GMR, spe-and, simultaneously, Cr and Cu impurity effects on the GMR

B. Cr and Cu impurity effects on Fey/Cu,, superlattices

A. Cr band effects on GMR

C. Cr and Cu impurity effects and Cr band effects
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FIG. 2. Calculated GMR fofa) Fe;/Cu,, (b) Fes/Cu,, and(c) o
Fe;/Cug as a function of the relative Cr scatterer concentratign <051
Shadowed areas correspond to IGMR. Straight lines give the band i T % B 2
only contribution to GMR. No Cr band effects are present. The T
number of atomic layers in each layer of the MML's is given on the
right of the schematic MML's. FIG. 3. Calculated GMR for@) Fe;/Cu,/Fe/Cr/Fe/Cy, (b)

Fe;/Cug/FelCr/FelCy, (c) Fe;/Cu,/Fel/Cr/Fe/Cr/Fe/Cy and (d)

. ) ) Fe;/Cu, /FelFg Cry s/ FelFg Crys/Fe/Cy as a function of the
.ratlos of the Stu.d ied superlattlcgs. Cr band ?ﬁeCtS. are takerr(]elative Cr/Cu scatterer concentratiaar. Straight lines give the
into account by introducing continuous and discontinuous C[)and-only contribution to the GMR ratios. The number of atomic
layers, and the impurity effects through the variation-oéis layers in each layer of the MMLs is giv.en on the right of the
a function of relative impurity concentration in the 10W- ¢chematic MMLs.
impurity limit as in the previous examples. It is well known

that Cr mixes with Fe, but a certain averaged ordered C

conﬂgqratlon should survive after deposition. . . the maximum antiferromagnetic coupling, CPP-GMR should
In. Fig. 3 we show the e_ffect on the GMR of mtrodu_cmg 4 he inverse and larger than CIP-GMR. On the other hand,
varying number of Cr/Fe mterfaces,_and also that of mdUd'CIP-GMR is nearly not modified when the number of Cu
ing more Cu layers as a function at,. We also give the |ayers is changed within the widths we are treating in these
band-only contribution to GMRSstraight line$. We see in  ¢alculations.
Fig. 3(a) that the inclusion of Cr band effects through the  pyplicating the number of Cr/Fe interfaces does not give
presence of one Cr layer in the unit cell, drastically modifiesise to a significant change in CIP-GMR while CPP-GMR
CPP-GMR as Compared to the results for Flgﬁ)2|n the near|y doubles its value, as it is shown in F|gc)3
new situation, CPP-GMR goes positive for almost all values e simulate a particular case of roughness by adding an
of X¢,. It should be noticed that Cu impurities lower the ordered 50% Cr and 50% Fe ML on each side of the Cr layer
GMR coefficient if one compares with the results of calcu—[see Fig. &l)], and we obtain a largeTCr range for which
lations that only include band effectstraight lines in Fig.  C|P-GMR is inverse, while CPP-GMR does not change with
3). An increase irk¢, drives both GMR coefficients positive. respect to the example of Fig(e. This can be easily under-
If one changes the number of Cu layers, CPP-GMR goestood as the introduction of roughness generates Cr/Fe inter-
down even if it is mostly positive, but CIP-GMR remains faces perpendicular to the superlattice growth direction, and
nearly unaffected; see Fig(l§. We expect that in the real we have already seen that the presence of these interfaces is

Situation, with the number of Cu layers lying around 8-9 for
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TABLE II. CIP and CPP-GMR coefficients calculated for differ- relaxation time approximation, no vertex corrections are con-
ent initial magnetic configurations of the superlattice sidered. The semiclassical velocities are obtained from LDA
Fes/Cu,/Fe/Cr/Fe/Cy. ey denotes the total magnetic moment g injtio band-structure calculations. The impurity effects are
per unit cell andu, the local magnetic moments on Cr or on the Fe 15 e jnto account through isotropic relaxation times per spin
atoms adjacent to the Cr layer. AP denotes the initial zero-field,p\ o1 A5 we assume that we are working in the dilute
magnetic configuratior? means the low-field saturation configura- impurity limit, these spin-dependent relaxation times are cal-

tion (Fe layers aligned across $w@and FSM1 and FSM2 stand for lated usi Mathi lik ) d t
configurations in which the total magnetic moment is larger than foifulated using a Mathiessen-like expression, and parameters

the P one. All the moments are given in units gf; . taken from the literature are used. We make calculations for
both CIP and CPP geometries. In the absence of vertex cor-
Magnetic rections the values obtained for CPP conductivities have

configuraion  peer  Mre  po  CIP-GMR CPP-GMR  larger errors than those obtained for CIP, but we consider
that the general trends are well given by our results.

AP —4.88 114 -0.22 0 0 The conclusions drawn can be summarized as follows:
P 8.82 1.02 -0.25 0.12 0.65 The value and sign of GMR depends strongly on the hybrid-
FSM1 13.00 195 030 -0.20 0.27 ization strength between Fe and Cr layers, specially in CPP
FSM2 16.00 242 098 -0.30 —-0.34 geometry.

In the absence of Cr band effects and when only isolated
Cr and Cu impurities in Fe are consideredyFéu,, super-
a source of inverse GMR due to Cr/Fe hybridization. Thelattices show a clear tendency towards IGMR in CIP con-
effect is nevertheless not large enough as to qualitativelyiguration. This tendency depends on the relative concentra-
modify the maximum value reached by the GMR ratio. CPP-+ion of Cr vs Cu impurities. For some Cu widths and within
GMR does not change in this particular example as the numa certain concentration range it even goes positive. In CPP
ber of Cr/Fe interfaces alorjis the same as in the example the situation is different, the GMR ratio is far from being
of Fig. 3(a). It is interesting to notice that GMR has a maxi- inverse over the whole range of relative impurity concentra-
mum as a function of concentration in each one of the studtions. These results had already been observed by Zahn

ied cases. et al® A change in the number of Fe layers does not modify
these tendencies.
D. Evolution of GMR with growing magnetic Wher_1 complete or incomplete Cr layers are introduced in
moment alignment alternating Fe layers and thereafter Cr band effects are

) switched on, quantitative and qualitative changes take place

In Table Il we show the results obtained for the examplespecially in CPP. Both in CIP as well as in CPP, the GMR
Fe;/Cu,/FelCr/Fe/Cy andxc,= 0.5 when doing constrained ratios acquire a larger tendency towards IGMR, but in this
calculations, that is, FSM calculations, which simulate thecase the CPP geometry is the one with the largest IGMR
application of large magnetic fields to the sample. We giveratios. In the two geometries the GMR is inverse within a
the obtained GMR ratios for different values of the total broad range of the Cr and Cu relative impurity concentration.
magnetic moment, together with the local magnetic moments CPP, Cr/Fe interface band effects are more important than
on Cr and on the neighboring Fe atoms for each constraineghe impurity ones to determine the type of GMR, while the
total cell magnetic moment. The experimental behavior ofopposite is true in CIP. This is being confirmed by the fact
the evolution of GMR in the presence of growing magneticthat doubling the number of Fe/Cr interfacésee Fig. 3
fields is obtained, that is, an initial increase in the values otjives rise to a large increase in CPP-IGMR, while the incre-
the GMR ratios until the low saturation limit is reached. ment in CIP-GMR is not as important.
Beyond this low saturation situation, a larger alignment of The introduction of roughnesgn our case an ordered
the system’s magnetic moments is attairfednfigurations roughnessat the interfaces gives rise to an increasing ten-
FSM1 and FSM2 and the GMR coefficient turns negative dency towards CIP-IGMR. Electrons flowing in CIP geom-
as it is observed in the experiment by Georgeal. in Ref.  etry face the appearance of effective Cr/Fe interfaces in the
12 in which the large DGMR corresponding to Cr/Fe is ob-presence of roughness, and Cr band effects become more
tained for large applied magnetic fields. important also in this geometry.

This result shows again the importance of the band effects We have shown that the experimentally observed evolu-
on the GMR of the systems under study, as the experimentalbn of GMR for Fg;/Cu, MML's with Cr, as a function of
evolution of GMR would not have been obtained if only an increasing external magnetic field, can be explained if the

impurity effects had been taken into account. presence of Cr bands is assumed.
In general, both transport geometries share the same ten-
IV. CONCLUSIONS dencies for the sign of the GMR ratio, even if the presence of

Cr band effects makes CPP more liable to IGMR than CIP,
We determine the competition between Cr band and imeontrary to what happens when only Cr impurities are
purity effects on the type of GMRdirect or inversg for  considered.
superlattices of the typ@e/Cu/Fe/Cr/Fe/Qy, . The conduc- Summarizing, combined disorder and band effects are
tivities used to obtain the GMR ratios are calculated seminecessary to explain the appearance and evolution of IGMR
classically using the linearized Boltzmann approach in then the studied superlattices.
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