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This article reports on the important influence of the spontaneously built-in paramagnetic interfacial
layers on the magnetic and magnetoresistive properties of NiFe/Cu and Co/NiFe/Co/Cu multilayers
grown by magnetron sputtering. A computational simulation, based on a semiclassical model, has
been used to reproduce the variations of the resistivity and of the magnetores{M&)@mplitude

with the thickness of the NiFe, Cu, and Co layers. We showed that the compositionally intermixed
layers at NiFe/Cu interfaces, which are paramagnetic, reduce the flow of polarized electrons and
produce a masking on the estimated mean-free path of both types of electrons due to the reduction
of their effective values, mainly for small NiFe thickness. Moreover, the transmission coefficients
for the electrons decrease when Fe buffer layers are replaced by NiFe ones. This result is interpreted
in terms of the variations of the interfacial intermixing and roughness at the interfaces, leading to an
increase of the paramagnetic interfacial layer thickness. The effect provoked by Co deposition at the
NiFe 16 A/Cu interfaces has also been investigated. The maximum of the MR amplitudes was found
at 5 A of Co,resulting in the quadruplication of the MR amplitude. This result is partially attributed

to the interfacial spin-dependent scattering due to the increase of the magnetic order at interfaces.
Another effect observed here was the increase of the spin-dependent scattering events in the bulk
NiFe due to a larger effective NiFe thickness, since the paramagnetic interfacial layer thickness is
decreased. €2003 American Institute of Physic§DOI: 10.1063/1.1615704

I. INTRODUCTION across the Cu spacer, effectively isolating the ferromagnetic
. - layers from each other and, as a consequence, reduces the
nas recenved specil attention due 1o ther potential applicaeM MaNEtOresistance. I contast, DEhssumed per-

b P PPUIC ¢t transmission coefficients through the NiFe/Cu interfaces

:'r?: Kllilftlai(cjtlrjoglt?uifxlrzes\;vggﬁ Ofrg]seer:?soS; 'mggéta:énssisitl%or both species of electrons in NiFe/Cu. However, they only
SN P 9c Yobtained good fits for both magnetoresistance amplitudes and
(large magnetoresistance at low fielshd promises to be a

good candidate for application in magnetoresistive sensorsrvs ﬁ;sr:'\gtny a?w?;it(r?m%n atlh:e;?:élt‘?zi'nggﬁiiﬂe\mét? Svﬁaesl as-
Although the presence of a paramagnetic interface layer pro- . Py . . b
duced by the intermixing of Cu in NiFe was observed insumed, which was ascribed to the scattering at the bound-

some works;? detailed studies of the role of this layer on the aries of _the columna_r-shaped grains with their column axes
transport properties are lacking. Speriatial? argued that perpendicular to the film plane. Therefore, they argue that the

the electron scattering within these layers, in spin valves, igesdlstlr\]/ Ity Is more se.nsmve to thﬁ in-plane dme?n-free pafth
not spin dependent and may include spin—flip scattering. I8"d the magnetoresistance to the perpendicular mean-free

also contributes to the decrease of the flow of electron®ath for the rréajority electrons. _
Diao et al”’ have discussed the role of the buffer layer in

determining the antiferromagnetic coupling and magnetore-
dElectronic mail: nagamine@if.ufrgs.br sistance of NiFeCo/Cu multilayers. They pointed out that the
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increase of magnetoresitan@®dR) is associated with the in- trol of the deposition time. The Cu, Co, and Fe were dc
crease of the transverse crystalline grain size due to the presputtered at a rate of 1.2, 2.0, and 1.8 A/s, respectively, while
ence of Fe buffer layer. As compared to the multilayer grownthe NiFe was rf sputtered at 1.0 A/s. These deposition rates
directly on the Si substrate, the one grown on Fe buffer layewere obtained by the analysis of low-angle x-ray scans. We
presented a decrease of the resistivity that was associated deliberately chose to rf sputter NiFe in virtue of its enhanced
the reduction of the grain boundary regions, where the elecstructural quality as compared to dc sputter, as shown by
tron scattering is not spin dependent. However, for a sampl€owacheet al!
grown on a Zr buffer layer, a similar decrease of resistivity =~ We have deposited sequentially 54 A of Nif@e 90 A of
was also observed, although the grain size has not bedfe) as a buffer layer, after that (NiRgir/Cu 9 A),q or
changed so much. In addition, Parkihal.® have observed (Co/NiFetye/Co/Cu 9 A),, multilayers (for 11 A<tyre
a large increase of the giant magnetoresist/@®R) via <85A and 1 A<t,,<7 A), and finally, 16 A of NiFe as a
the addition of thin Co interfacial layers in NiFe/Cu multi- cap layer. The multilayer thicknesses were later checked by
layers. The large increase of the MR has been qualitativelthe analysis of the x-ray reflectivity. High angle diffraction
justified in terms of the enhancement of interface spin-scans were also performed for some of the multilayers on the
dependent scattering. same X-Pert Phillips#—26 diffractometer(Cu Ka radia-

In order to investigate in more details the role of inter-tion) employed in the low angle x-ray reflectivity.
facial Co layers, and try to elucidate the controversy on the The field-dependent magnetization was measured with
influence of the paramagnetic layer on the transmission caan alternating gradient force magnetometer. The in-plane
efficients at interfaces and on the bulk spin-dependent scathagnetoresistance data were extracted using an ac four-
tering, we have carried out a more-detailed study on th@oint-probe methodat the frequency of 16 Hz and ac current
magnetic, structural, and magnetoresistive properties of thamplitude~1 mA) at RT, and with the magnetic field ap-
NiFe/Cu and Co/NiFe/Co/Cu multilayers. From a moreplied orthogonal to the current. Conversion electronskto
guantitative point of view, the dependences of both resistivhauer spectroscopid€EMS) at RT were performed using a
ity and magnetoresistance on NiFe and Co thicknesses haeenstant acceleration electromechanical drive system, a mul-
been analyzed using a semiclassical theory. In contrast ttichannel analyzer, and a He—gHroportional counter’Co
some workg;® which assume an anisotropy of mean-freein rhodium at RT was used as a §&bauer source.
path for the spin majority electrons within the ferromagnetic
layers, our experimental results have been fitted taking into
account that the param_agnenc interface layers can decrgaﬁﬁ THEORETICAL MODEL
the flow of electrons at interfaces, as suggested by Speriosu

et al® The role of an Fe or NiFe buffer layer, and the intro- A numerical procedure, developed in the framework of a
duction of Co layers at interfaces are discussed here as beiRgmiclassical model based on the Camley and Barnas
a function of changes in the paramagnetic interfacial layersapproacH? was used in order to investigate the magne-
Possible grain size change effects are also discds€ed.  totransport properties of spin-valve multilayers. For a given
The technique used to prepare the samples and expegiectrical field, the current is calculated by solving the Bolt-
mental details are described in Sec. Il. Section Il is dedi-zmann equation according to the method deve|oped by
cated to describing the theoretical semiclassical model angereiraet al® Thus, the absolute value of the resistivity can
the parameters used to fit the data. Section IV is divided int(be obtained for a mu|ti|ayer using the ana|ytica| expression
five parts: (@ analysis of the x-ray reflectivity data)  for the conductivity, which takes into account the spin-
evaluation of the influence of the Cu layer thicknegg)Xon  mixing effects(thermal effects From the value of the resis-
the coupling between the NiFe layers) the effect of the tivity in the parallel and antiparallel magnetic configurations,
replacement of Fe buffer layers by NiFe oneh;analysis of  the GMR amplitude is deduced.
the NiFe thicknesst{;re) on the GMR amplitude, saturation The analytical expression for the conductivityf) for
field, and GMR sensitivity; ande) the influence of the Co  the 5th spin direction channel in a multilayer, with indi-
thickness {c,) at NiFe/Cu interfaces on the GMR amplitude, vidual layers, is given by the following expression:
saturation field, and on the behavior of the interface layers.

N i
Section V is dedicated to the conclusions. 4
o, =K, B,]i[ 38270, 2 LM

Il. EXPERIMENTAL DETAILS M20 ]

The multilayers were prepared by magnetron sputtering )
at room temperaturéRT) in an AJA sputter deposition sys- 1 5 1 1
tem, and were deposited onto polished180) substrates Li“;';“:[z— 1—21*{2”—%(1“{*;7'“)24— 25" 3
covered with native Si@Q The base pressure was 5.0
%10~ 8 Torr and the Ar pressure during deposition was 2.0
mTorr. The distance between the targets and the substrates (rmm2 1 e Thn
was fixed to 10.3 cm. The substrates were attached to a ro- M= 'T”( 1- 1—2(I‘i”},”)2) f ——du,
tating arm controlled by a step motor and a shutter, located K
between the target and the substrates, that allowed the comhere
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C},j: bij g FIG. 1. Specular9—26 x-ray diffraction for (NiFe 16 A/Cu 9 A), (a),
. (Co3A/NiFe 21 A/ICo3A/Cu9A), (b, (Co6A/NiFe16A/Co6A/
chi=Bij,Cl, Cu9 A)y (c), and (Co 7 A/NiFe 16 A/Co 7 A/Cu 9.0 A) (d), where the
. upper line represents the measured data, the down line the simulation re-
andq,,i and B, are functions of the mean-free path, sults. The curves have been displaced vertically for clarity.
1 1 2 \/( 1 1 )2 ( 2 )2
Q= =77 7= T\ o . . . .
TN N NN N The most important parameters in our simulations are:
1 5 (a) the mean-free paths for each lay@y, one for spin up
—+ 7 (\y) and the other for spin down\(); (b) the transmission
B AN and coefficients at each interfac®j, Q; for spin up andQ, for
K 1 1 1 spin down; andc) the measurement temperature.
NG + NG + SN It is worth noting that in our calculations the parameters
t t b (4 )\ andQ represent physical characteristics of the multiayer.
=1 By, The mean-free paths describe the bulk scattering, which is
determined by the bulk composition and/or disorder of the
B, =Q % structure; the transmission coefficients correspond to
meETB,, the roughness, and the spin selective transmissions at the
interfaces.

In these expressiong; is the thickness of an individual
layer, e is the electron chargem is the electron mass, is
the Fermi velocity/ is the Planck constant, ar@,; is the
interfacial transmission coefficient. The integral on the set o
Egs. (1) is the well-known exponential—integral function
[Ei(—x)]. For more details about the model see Ref. 13.

With a single set of parameters, we were able to fit the
variation of the resistivity and of the MR amplitude as func-
fion of the thicknesses of the NiFe, Cu, and Co layers. There-
fore, the parameters of the fitting were the mean-free paths in
the NiFe, Cu, and Co layers and the transmission coefficients

The thermal dependence of the resistivity is split into@t (NiIFe/CU, (Cu/Co, or (Co/Cu interfaces. Thlegsame com-
two distinct contributions: bulk and interfacial resistivities. Putational 'proceduLle developed by Pereital.” was also
The temperature dependence of the bulk resistivity is givetS€d Py Dienyet al:
by a set of relations of the bulk resistivigy spin—flip con-
tribution p'!, and thea coefficient @@= p'/p'). The first  |v. RESULTS AND DISCUSSION
two parametergp and p'') are extracted from the experi-
mental datdsee Ref. 13, and the references thereand for
the permalloy case, it was usehjre=3pre and pﬁﬁFe The program(WINGIXA) was employed to simulate
=2pL.. The relationship betweep and \ is given by p\ (down lines in Fig. 1the experimental reflectivity datéull
=constant, and this constait/, is related withK [see ex- lines, same figune for (NiFe/Cu and(Co/NiFe/Co/Cu mul-
pression(1)] by K’=KI, wherel corresponds to the total tilayers grown on NiFe buffer layer. One can note the pres-
thickness of the multilayer. For the interface transmissiorence of Kiessig fringes and one or two more pronounced
coefficients, it was used the thermal evolution given bypeaks associated with the superlattice Bragg peaks. From the
Q(T)=Q(0)+ wT” (see Ref. 14 In this work, the coeffi- theoretical simulation, the layer structure was found to be
cients were set a¥=1050+50, w=(13.0-0.6)x10/, Si/SiIO, 28 A/NiFe 54 A/Cu 9A/(NiFe16A/
and y=1.85+0.05. Cu 9 A),o/NiFe 16 A[Fig. 1(a)], with the root-mean-square

A. X-ray reflectivity data
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( 9 ) FIG. 3. High angle x-ray diffraction profiles for different Co layer thick-

FIG. 2. High angle x-ray diffraction profiles for different NiFe layer thick- Nesses in the NiFe 54 Arcu 9 A/(Qg,/NiFe 16 A/Cotc,/Cu 9 A)yy/
nesses for the (NiFtye/Cu 9 A),, series. Cotco/NiFe 16 A series.

roughness of (22) A for the NiFe/Cu interfaces, and (7 th_an the mism_atch of NiFe on Cg. The _relative inten_sity of
+2) A for the Cu/NiFe ones. A good agreement was founoth's_ peak has_ increased progressively with the Co thlc_kness,
between the bilayer thickness determined from calibratioftntil only this texture was observed fae,=7 A. This

rates(24.7 A), and the one obtained from reflectivity simu- change in the microstructure is accompanied by an increase
lations (25 A). of interfacial roughnes$see Fig. 1d)], and, as a conse-

The reflectivity data for the multilayer with approxi- duénce, the MR amplitudes are negligible for the larger Co

mately 1 ML of Co[Fig. 1(b)] were simulated using the thickness, as will be shown later.
stacking sequence, Si/SiO 26 A/NiFe 54 A/Cu
9 A/(Co 3 A/NiFe 21 A/Co 3 A/Cu 9 A)y/NiFe 16 A. For  B. Influence of the thickness of the Cu spacer layers
the NiFe/Co interfaces, the root-mean-square roughness is a garies of multilayers of the composition Fe 90 A/Cu
(3x2) A, and (5£2) A for the Co/Cu interfaces. Atempts /(NjiFe 16 A/Cutc,),0/NiFe 16 A was prepared in order
to fit t.hese spectra vy|th cum_ula‘uve rpughness throughout they study the influence of the Cu thickness on the magnetic
stgcklng of the multilayer failed, so it can be c_oncluded thatyng transport properties. Magnetoresistance data of this se-
this effect must be small or absent. As the lattice parameters.q gre displayed in Fig. 4. A well-defined interval of Cu
and atomic scattering factors of NiFe, Cu, and Co are Veryj-\nessegbetween 8 and 10 Rhas been determined for
close, these fitting curves are not so good. For this reasofynich one observes an antiferromagnetic coupling between
the uncertainties on both layer thickness and roughness afgrq layers through the Cu layésee Fig. 5 The saturation
large. . ) field has a maximumta8 A of Cu, andthen decreases mo-

_Although good fits have not been found for multilayers i, ,ton6ysly to almost zero at 11 A of Cu. Using the two sets
with thicker Co layers, the increase of roughness at the N3¢ data displayed in Fig. 5, one can find a rather good sen-
terfaces is evident from the broadening of the superlatticgitivity S (0.015%/0e at 10 A of Cu, where S
Bragg peaks, and from the loss of Kiessig fringes OCCurring:(AR/R)/HS. It is worth noting that this Cu thickness does
at small anglegsee Figs. ) and 1d)], as also demon- not correspond to the maximum of the GMR but is close to

15
strated by Fullertoret al: , _ . the upper edge of the MR plateau.
The diffraction patterns for the NiFe/Cu series are dis-

played in Fig. 2. A cleaf11]) texture peak is observed for
this series at 2=43.35°, an intermediate value between the
Cu (20=43.30°) and NiFe[it may vary from 204, To verify the effect of the buffer layers, as mentioned
=43.47°, 39 at. % N{JCPDS, No. 23-02970 44.507°, Ni  before, the case whetg,=9 A (which corresponds to the
100%. The very broad and of small intensity peak Qe ~ maximum of the magnetoresistanseas chosen, and the Fe
=85 A can be associated with grains with higher Ni concenbuffer layer was changed by the NiFe one. A large reduction
tration. However, the high angle diffraction curve for the of the interlayer couplingisee Fig. 6a)], and a change of the
Co/NiFe/Co/Cu series, displayed in Fig. 3, shows a secondaturation field from 3.5 to 1 kOe were observed. Although
Bragg peak at larger angldmear the Co fcc peak at2 the magnetoresistance amplitude was reduced from 22% to
=44.21°), due to a larger mismatch of Co on NiFe rather9.5%[ see Fig. @)], the sensitivity increased from 0.006 to

C. Influence of the buffer layer
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FIG. 4. Magnetoresistance at room temperature of a series of multilayers o A,AA do'
composition Fe 90 A/Cti,,/(NiFe 16 A/Cutc,),o/NiFe 16 A. 0 et o-guooood® ||| 9p0op00g-0-0-3As0stet e
5 4 3 -2 -4 0 1 2 3 4 5

0.01%/Oe. The total remanent magnetizatiparmalized to H (kQe)

the saturation magnetizatipwas 0.27, where approximately rig. 6. comparison of magnetic hysteresis cur@sand magnetoresis-

67% of this value can be attributed to the NiFe buffer layernance curves (b) of two samples of the same composition

(0.18, and the rest to the existence of microscopic regiongbuffer/Cu 9/&(/('\“Fe ;6 A/Cu 9 Aj/NiFe 16 A]; one has a buffer layer
. . . s e 0f 90 A of Fe(triangles while the other has a buffer layer of 54 A of NiFe

with ferromagnetlc_ Coupllngo.OQ). This mcomplete_ antifer (circles. The inset in(a) represents the hysteresis loops at small fields.

romagnetic coupling 82%) reduces the spin valve

effect’® However, this effect is very weak in our samples

and can be neglected in the theoretical model. For comparitg, 21, 26, 54, and 85 A has been prepared. The magnetiza-
son, a hlgher normalized remanence of 0.39 was obtained foon and magnetoresistance curves are d|Sp|ayed in F(igb 7
the case of the Fe buffer Iayer, which is |ar96|y attributed t0and Kb)7 respective|y_ The hysteresis |00ps for all Samp|es
this buffer layerfinset of Fig. 6a)]. In part, the larger mag- show a clear ferromagnetic contribution, and saturate at rela-
netoresistance amplitude found for the Sample with Fe buﬁeﬁve|y low fields. They also present a non-neg|igib|e rema-
|ayer can be attributed to a more Complete antiferromagnetiﬁent magnetization_ Moreover, when one p|®td|v|s VS
coupling. Other possible factors will be discussed in the nexH/Hg, the magnetization curves are very simifaee the
section. inset of Fig. 7a)]. This magnetic behavior means that both
the bilinear and biquadratic magnetic couplings are indepen-
dent of the NiFe thickness and all samples present almost the
same ferromagnetic contribution. Such a similar ferromag-
A series of multilayers of composition NiFe 54 A/ netic contribution is expected since both the buffer layer and
Cu 9 A/(NiFetyre/Cu 9 A),o/NiFe 16 A with tyg=11, Cu thickness are the same for all samples in this series.
The existence of both antiferromagnetic and non-
5 negligible ferromagnetic couplings makes it very difficult to
obtain the biquadratic and bilinear coefficients using the

D. Influence of the thickness of the magnetic NiFe
layers

4 120 same procedure as given in Refs. 11 and 17. Despite that, as
] a consequence of the independency of these coefficients on
5 3 115 = the NiFe thickness, the saturation field is found to vary with
o T S the inverse of NiFe thickness, as shown in Fig. 8. Roughly,
i‘;n 0’ the bilinear coupling can be estimated from the following
r 2; g expressiort?
1} 18 M
Hs Ms tnire’ ©®
06 é 1‘0 T - 140 whereHg is the saturation fieldJ is the bilinear coupling
constant andM g is the saturation magnetization. The slope
Cu thickness (A) of this line determines)=0.018 erg/crh according to Eq.

FIG. 5. Variation of the GMR amplitudes and the saturation field in a series(s)' which is in a gOOd agreement_ with the . value
of multilayers of composition Fe 90 A/Cug,/(NiFe 16 A/Cutcy) o/ (0.020 erg/crﬁ) previously reported for NiFe/Cu multilayer
NiFe 16 A. by Parkinet al,” usingM =525 emu/cri from Ref. 11.
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TABLE |. Parameters deduced from the fit of both magnetoresistance and

.0
! resistivity of a series of (NiFéyee/Cu 9 A),,. The mean-free paths for up
and down electrons in the Cu layer are both 150 A. The parameters of the
0.5 temperature dependence are seKas1100, w=13X10"’, andy=1.9.
< 00 tyice (A) 10 16 21 26 54 85
S N A 55 70 82 95 105 105
05 A (B) 3 3 3 12 14 5
Q; 0.67 0.67 0.69 0.8 0.8 0.7
Q, 0.61 0.61 0.61 0.8 0.8 0.7

that may be ascribed to some intermixing between NiFe and
Cu. It is known that Ni has a strong tendency to exhibit a
reduced magnetic moment or even to become nonmagnetic
when it is alloyed with other nonmagnetic metals such as Cu,
for instance’® Moreover, for NiAg heterogeneous alloys, Na-
gamineet al?° have shown that intragrain magnetic fluctua-
tion can play a significant role on the observed reduced mag-
netic moment.

0.0 In order to check the possible existence of a paramag-

H (kOe) netic layer at NiFe/Cu interface in this series of samples, we
FIG. 7. (a) Magnetizat : . wre | o of mu carried out a study of conversion electron $dbauer spec-
e o e e Ay 10500py fo (NIFe 54 A/C 9 Ay The specta were fted
gonsidering two hyperfine field distributiorig/evel-Marup

NiFe 16 A. The inset represents the same data plotted in reduced uni 1 ) : ) )
M/M g vs H/Hg showing the scaling behavior of these samplesMagne- modef?), one at small fields, which represents the interfacial

toresistance at room temperature for the same series of samples. The inﬁramagnetic phase, and the other at higher fields, represent-
represents the GMR amp_lltude dependence on the N|Fe thlckne_ss, where t g the magnetic phase. The experimental and fitting spectra
full circles are the experimental results and open circles and lines are ob- . . . . L -
tained from the fit. are displayed in Fig. 9. The normalizé{H) distributions
of each phase are shown as an inset in Fig. 9. Through the
iron population of each magnetic phase, we estimated the

The MR amplitudes as a function of NiFe thickness arethickness of the paramagnetic interfacial layer to be about

shown as inset of Fig.(B), where full symbols represent the (3*1) A. This result is in agreement with the value of 2.5
experimental data and the lines represent the fit; the paran‘é3 estimated by Lucinskiet al. for a NiFe/Cu multilayer

eter \ and Q of the fitting are displayed in Table I. The 9rown on Cu buffer If_;lyelr. _ _
theoretical results for the series of (NiEgre/Cu 9 A)y Therefore, the NiFe/Cu interfacial alloy may be para-

(open circles- line) were obtained by using different param- Magnetic and can influence significantly both parameters,
eters for each NiFe thickness. This procedure was justifie@dQ, deduced from the fit, mainly for small thicknesses of

by the presence of the paramagnetic layers at the interfaced!F€, where the fraction of the paramagnetic layer is even
more significant. These results also indicate an increase of

the transmission coefficients for thicker layers of NiFe, prob-
ably due to the better structural quality of the interfaces for

o N A O O O NO

"~ 05

1200 | i
0.8
0.02
’E"T - af'om
06}
| [ e P
9 g, ‘ype ne Field (kG)
° 360 002 504 006 008 030 | g 0.4}
1/t i =
400 . NiFe ] §
'~_g 024
e :
)
0 L 1 L L 00' ? 1 1 |. 1 I 1 .? rl
0 20 40 60 80 10 8 -6 -4 -2 0 2 4 6 8 10
tNiFe (A) Velocity (mm/s)

FIG. 8. Saturation field as a function of the NiFe layers for the same serief1G. 9. CEMS spectra at room temperature for multilayers of composition
of multilayers of the composition NiFe 54 A/Cu9 A/(Nifgr./ NiFe 54 A/Cu 9 A/(NiFe 54 A/Cu 9 A),/NiFe 16 A. The inset represents
Cu 9 A),o/NiFe 16 A. The inset represents the saturation fieldtygd ~*. the relative population of each distribution function of hyperfine fields.
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TABLE II. Experimental and theoretical resistivity at saturation of the seriessputtering, and buffer layer(Fe) and NiFe and Cu layer
of (NiFe tyire/Cu 9 A)yo. thicknesses are approximately the same as their samples, we
trire (A) 10 16 21 26 54 85 assumed that these grain sizes are suitable to aid us in evalu-
ating their effects on our MR results and on the structural
dependence of the parameters that we extract from the
theory. In addition, an Fe 90 A/Cu ZW/(NiFe 16 A/
Cu 20 A),o/NiFe 16 A multilayer was also prepared, and a
GMR amplitude of 8.9% and a resistivity value of 19.8
these samplegsee Fig. 2 The bulk spin-dependent scatter- u{) cm were measured for them. The theoretical parameters
ing a=\/\| is dominant, sinc&,=Q, . The pair of val-  obtained in this case werelire=92 A, \re=18 A, Q;
ues of\ obtained for samples with thicker layers of NiFe =1, Q =1, which resulted in a theoretical resistivity value
(\;=110A, X |=5A) is in agreement with the values re- of 19.8 uQlcm and 8.9% of magnetoresistance amplitude,
ported by other authofs!*** showing again, very good agreement with the experimental
The experimental and theoretical values of the resistivityalues. Therefore, this set of parameters is approximately
for the parallel configuration are displayed in Table Il. Theequal to the one obtained for Fe 90 A/Cu
agreement between experimental and theoretical resistivityg A/(NiFe 16 A/Cu 9 A)o/NiFe 16 A, with the exception
values(parallel configurationis quite good. The temperature ¢ the A value, which increases from 9 to 18 A. So, the
variations(from 4.2 to 300 K of the magnetoresistance and mean-free path of the majority electrons is almost the same,
of the resistivity for these samples have been shown in ansjihough there is a strong increase of transverse grain size, as

2 . .
other papef: Flgurg\ 7 shows a maximum of the GMR am- mentioned above. It is also worth noting, that perfect trans-
plitude around 21 A of NiFe thickness, whereas the sensitiviission coefficients were obtained for both multilayers. In

ity increases continuously from 0.006%/Oik=11A) ©0  aqdition, the lateral size of the CG850 A) for NiFe/Cu

0.06%/0e (yire=85 A). 10 A multilayers is larger than the one obtained for a similar

| In or'?herFto beﬁir ubndﬁerstland the '\éI_R results fohr rnUItI'spin—valve samplé150 A), as mentioned in Refs. 4 and 5.
ayers with Fe or NiFe buffer laye{see Fig. @)], we have These results indicate that the change in the grain size is not

also theoretically extracted the parameters for the multilayer : . )
with an Fe buffer. ie. SilFe 90A/Cu9A/ a major factor in the change of the mean-free path of the

(NiFe 16 A/Cu 9 A),/NiFe 16 A. The experimental resis majority electrons, and the scattering at the grain boundaries
0 . - .

tivity value decreased from 4520 cm (NiFe buffer laye) is not a coherent approach to explain the transport properties

to 29.3 0 cm (Fe buffer layey, and the theoretical param- of various samples, and needs to be taken into account only

eters obtained for the sample with the Fe buffer Iayerwhen the mean-free path is of the order of, or larger than, the

(Mure=90 A, Nyre=9 A, Q;=1, Q,=1), lead to a resis- grain size. These are the reasons for the different procedures

tivity value of 29.1.0 cm, and 22.1% of MR amplitude, in adopted in this work to fit the MR and resistivity data

. . . ll .
very good agreement with the experimental values. A comSimilar procedure was also used by Dieayal.™" in the

parison of these parameters with the ones deduced for tigudy of NiFe/Ag multilayers and in Refs. 4 and 5. More-
same multilayer with a NiFe buffer layéshown in Table), over, we are gplg to fit both the magneto're5|stance ampli-
allows us to observe the increase of the transmission coeffF—Udes'and resistivity values by only assuming the chan.ge of
cients of both types of electrons, and of the spin-dependerf'® thicknesses of the paramagnetic interfacial layers with no
scattering in the bulk, when going from the first buffer to thenN€€d to take into account any anisotropy of the mean-free
second one. The increase of the transmission coefficients cdith of the majority electrons.
be associated with the reduction of the paramagnetic interfa-  Pettit et al.?* from single crystal NiFe/Cu multilayers
cial layers. This factor can contribute to the larger MR am-studies, suggested that ferromagnetically coupled regions
plitude found for the sample with the Fe buffer lajjeee arise from pinholes in the Cu spacer layer. They argued that
Fig. 6(b)], since the bulk spin-dependent scattering is enthese coupled regions, when combined with regions of anti-
hanced. ferromagnetic interlayer coupling and intralayer coupling,
In order to analyze the arguments that the grain size hagan lead to dominant biquadratic coupling. In the present
a role to play depending on the buffer layer, the comments ofvork, there is no evidence of a strong biquadratic coupling
Diao et al® are discussed here. They claim that the increasas in Ref. 24, thus a predominant bilinear coupling is
of the transverse grain sizgn samples with an Fe buffer assumed®
layen results from the increase of the mean-free path of th
majority electrons. To do this, the findings of Seinal?® on
the microstructure of Si/SiJFe 100 A/(NiFe 15 A/
Cu20A), and glass/Fe 108/(NiFe 13 A/Cu 10 A), A series of multilayers of NiFe 54 A/Cu9A/
multilayers grown on a 100 A Fe buffer layer through high- (C0 teo/NiFe 16 A/Cotco/Cu 9 A)yp/Cotey/NiFe 16 A,
resolution transmission electron microscdpyRTEM) were ~ With teo=1, 2, 3, 4, 5, 6, and 7 A, was prepared in order to
used. Columnar crystallite§CCs were found to be the study the influence of the Co thickness on the magnetic and
prominent structure, with average lateral sizes of 350 andransport properties. Parkiet al” have observed an en-
250 A, respectivelysee Fig. 1 of Ref. 28 As our multilay- hancement of interlayer exchange coupling and a large in-
ers have been fabricated with the same techniquagnetron crease of GMR by addition of thin Co interfacial layers.

poe(wQcm) 501 475 455 362 340 366
pri (wcm) 502 482 451 361 340 368

€. Influence of the thickness of the Co layers at the
NiFe/Cu interfaces
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30} .
Co thickness (A)
(2]
% 20+ FIG. 11. GMR amplitude at room temperature dependence on Co thickness
< for the series of multilayers of the composition NiFe 54 A/
10l Cu 9 A/(Cotc,/NiFe 16 A/Cotcy/Cu 9 A),y/Co teo/NiFe 16 A. The full
circles are the experimental results and open triangles and lines are the
results of the fit.
0
-4

H (kQe) ness. The agreement between experimental and theoretical
FIG. 10. (8) Magnetization curves at room temperature for a series of mul-f€sistivity valuesferromagnetic configurations quite good
tilayers of composition NiFe 54 A/Cu 9 A/(C,/NiFe 16 A/Cot,/ (see Table 1Y. We note thaQ, decreases from 0.6&t the
Cu9A),/Co tcO_/NiFe 16 A (b) Magnetoresistance at room temperature NjEe/Cu interfacesto 0.1 forto,=1 A (at the Cu/Co and the
for the same series of multilayers. NiFe/Co interfaceks indicating that the spin-dependent scat-
tering at the interfaces begins to contribute to the GMR al-

Figure 1@a) represents hysteresis curves for some samples

and Fig. 10b) shows the magnetoresistance as a function offaLE 1. Parameters deduced from the fit of both magnetoresistance and
the applied field for all samples. One can observe a decreasesistivity of a series of (Co,/NiFe 16 A/Cotc,/Cu 9 A)y,, where(a)

of the ferromagnetic component of the magnetization curvegepresents théCu/Co interfaces, (b) the (Co/NiFe interfaces,(c) the

up to 5 A of Codeposited at the NiFe/Cu interfaces, indicat-( iFe/Co interfaces, andd) the (Co/Cu |nterf3ces. Thje7parame_ters of the

. ) . . . . temperature dependence are seKas1100, »=13x10 , and y=1.83.

ing the increase of the fraction of NiFe antiferromagnetically.

coupled. Aboe 5 A of Co, wenote an increase of the direct Co NiFe Co Cu
ferromagnetic coupling, probably caused by the presence of Co (&) a b c d
pinholes induced by the increase of the roughness at the in- N (R) 120 95 120 180
terfaces, which is also responsible for the observed vanishing 1 A A 5 5 5 180
of MR attc,=7 A (see Fig. 10 Q 1 0.77 0.77 1
Concerning the saturation field, one also notes an in- Q 01 01 01 01
crease upd 4 A of Co; above this thickness, the saturation A (R) 120 105 120 180
field begins to decrease as a consequence of the increase of 2 A (A) 5 10 5 180
the total magnetic layer thicknegsee Eq.(5)]. The exis- Q; 1 0.87 0.87 1
tence of microscopic regions with ferromagnetic behavior Q 0.1 0.1 0.1 01
can be attributed to the presence of non-negligeable para- A (A 120 105 120 180
magnetic interfaces. This is produced by the small changes 3 A (A 5 10 5 180
Q, 1 0.91 0.91 1

of the distances between the NiFe layers through the Cu

layers, provoked by the intermixing between the NiFe and Q 01 0.1 0.1 01
Cu. Since Co atoms are more immiscible in Cu than in NiFe, A (A) 120 150 120 180
the role of Co deposited at the interfaces of NiFe/Cu is to 4 MQ A) i 0187 0597 1810
avoid the intermixing between Cu and NiFe. Furthermore, it o, o1 o1 o1 o1

reinforces the magnetic order of the NiFe layer by substitut-
ing the nonmagnetic Cu neighbors by Co atoms. A (A) 120 220 120 180

The GMR amplitudes and resistivity were simulta-  ° INRGY 5 1 5 180
neously analyzed according to the semiclassical model de- 8* 011 011 011 31
scribed in Sec. Ill. Rather good agreement is found between ' ' ' ' '
the experimental and fitting results, as shown in Fig. 11. The A (A 120 145 120 180
deduced theoretical parameters are given in Table Ill. Pereira 6 A A i 210 f 1f0
et al'® have determined the parameters for Co/Cu multilay- 81 0.1 1 1 01

ers and we have adopted them here, even for small Co thick
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TABLE IV. Experimental and theoretical resistivity at saturation of a seriesywhen compared to other values reported in the

of samples (Cdc,/NiFe 16 A/Cotc,/Cu 9 A),. literature®11:14.22,28

teo (A) 1 2 3 4 5 6 7

pep(uQcm) 373 337 310 286 262 266 295 V. CONCLUSIONS

pri (wlem) 373 328 316 277 255 268 -- We have shown that the presence of an interfacial para-

magnetic layer at the NiFe/Cu interfaces masks the estimated

mean-free path of both types of electrons because their ef-

fective values are reduced mainly for small NiFe thickness.
he influence of the buffer laygFe or NiFg on the mag-

ready for small Co thickness. In addition, as a result of th

continuous increase o, (at the Co/NiFe/Co interfacks netoresistive properties for NiFe/Cu multilayers has been in-

from 1 to 5 A of Co,these interfaces present a more selectivq/ . o -
: o ) estigated. The transmission coefficients, deduced from the
spin-dependent scattering for the electrons than the NiFe/C g

) . . "“Hiculation, decrease when the Fe buffer layer is replaced by
mterf_aces. In relation to th_e b'“."k sp_ln-dependent scatterin NiFe one. This result is interpreted in terms of the varia-
(in NiFe), one observes a significant increasexof from 70

. . tions of the interfacial intermixing and roughn t the in-
A (without Co to 220 A (tc,=5 A). It turns out that a fairly ons of fhe iertacial e g and roughness at the
terfaces, leading to an increase of the paramagnetic interfa-

accurate determination of the_ parameters assomated.wnh ”&‘?a| layer thickness. The scattering within these layers is not
weakly scattered electror(spin-up can be made, while a

. . . .spin dependent and reduces the MR amplitude. Concerning
larger uncertainty exists on the parameters associated WH?FE

. e field sensitivity of NiFe/Cu multilayers, it increases con-
the strongly scattered electrons. For thickness aW of _tinuously from 11 to 85 A of NiFe, although the largest am-
Co, \; begins to decrease, probably due to ferromagneti

. ) . : "Blitude of MR is obtained for small NiFe thicknegal A).
coupling, Wh'Ch may be associated with thg presence of P he effect of the Co deposition at the NiFe/Cu interfaces has
holes[see Fig. 1d) and the structural analysis shown in Sec.also been investigated. The maximum MR amplitudsss
”].' This ferromagnet_ic °°“p”F‘9 _is accentuated _at thicker qur Co/NiFel6 A/Co/Cu. multilayers is obtained at 5 A of Co.
T';?eﬁsélgisﬁglsngr:?nﬁu\g@:h&zgthi'\g;s& ﬁ“%ﬁ;ﬁ The increase of the MR amplitude is partially attributed to
Tablell\/) with increase for Co thicknesses abgve 5 A the increase of the interfacial spin-dependent scattering. This

' ' is due to a more selective transmission of the electrons

) . o ;
A/Cl—/hceunrﬁj(lltri]lq;rgr(s)fwl\gs sg?;l:gg%@;g? fCocr) ?’?\lile\'/:;ﬁ through the interfaces associated with the increase of the
y ’ magnetic order at the NiFe/Co and Co/Cu interfaces. We

Itiislgrz::zlr}'?lghglv%g IS;?C:r trl\]/leth:;I mﬁgggt'&;iy?;éscz(sc’&ushowed that an increase of the bulk NiFe spin-dependent
9 P scattering must be considered as well. This effect is attrib-

multilayers for similar magnetic layer thickness and numberuteol to the reduction of the paramagnetic interfacial layer

of bilayer repetitions. For instance, Kubinski and Hollo#fay thickness, and as a consequence, a larger effective
o : , ,

reported a value of 12@ for the27amplltude of MR for NiFe thickness can contribute to the bulk spin-dependent

(Co 30 A/Cu9 A), and Miuraet al?’ reported a value of scatterin

27% for (Co 25 A/Cu 9 A),. If one makes the theoretical g

simulation with the same parameters of Co shown in Table

I, ie., (\;g=120 A, \.,=5A, Q;=1,Q,=0.1), 37% of ACKNOWLEDGMENTS
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