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Low-field giant magnetoresistance in  (111)-textured Co/Au multilayers
prepared with magnetron sputtering
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A series of magnetron-sputter@o(1 nm)/Au(t,,) 130 multilayers (MLs) has been deposited on
Si(100) substrates covered with a 100 nm thick Stiffer layer. The samples were examined with
x-ray diffraction (XRD), magnetotransport(MR), isothermal magnetization M-H), and
transmission electron microscogf EM) measurements. The quality of the interface and layer
stacking in these MLs was observed with cross-section TEM and examined with superlattice
refinement of the XRD patterns, where @rll) preferred orientation is evident along the growth
direction. Three MR maxima, with valuesR/R;=3.5%, 1.3%, and 1.1% were observed for Au
layer thicknessestf,) of 2.5, 3.9, and 5.1 nm, respectively, in a range of applied magnetic fields
less than=100 Oe, that are attributed to the giant magnetoresist#6dédR) effect. In the
[Co(1 nm)/Au(2.4 nm];, sample, the GMR coercivity is two orders of magnitude less than that
observed in epitaxial structures. This makes the sputtered Co/Au MLs possible candidates for use in
GMR applications. Belowt,,=2 hm a maximum anisotropic MR effect of 2% is observed for
ta,=0.6 nm. © 1998 American Institute of PhysidsS0021-89768)05223-2

I. INTRODUCTION surface parameters, and spin-dependent potential \Wds
explain theoretically the oscillatory GMR for polycrystalline

variety of magnetic systems including heterostructures anguj apd (00D, (110)—or_iented NM spacer%z. HO"_Ve"ef’ in
multilayers (MLs), spin valves, or granular materidign  ©Pitaxial or polycrystalline TM/NM MLs grown with &111)

TM/NM MLs (TM =Fe, Co, Ni or Ni;Fe,, permalloy and  Preferred orientz?ltio]r"_?‘15 the observed oscillatory interlayer
NM=Cu, Ag, Au noble metajsthe GMR ratio MRa exchange.coupllng is markedly different from th'e' theorgn-
= (RyaxRI/Rs, With Ry, the maximum andRg the mini- cally predicted 1y, (Ref. 2 dependence. Specifically, it
mum resistance in different magnetic fieldsis an oscillat- has been arguefithat in sputtered Fe/Cu/Fe and Co/Cu/Co
ing function of spacer thickness$y,) with maxima?corre- ~ MLs the minority grains with(100) preferred orientation
sponding to antiferromagnetidAF) coupling between May be responsible for the antiferromagnetic interlayer cou-
neighboring TM layers. Although the GMR effect is not of pling, while the dominant111)-textured grains account for
quantum origifi one has to apply a quantum-mechanical for-their GMR. On the other hand, in Co/Cii1) MLs grown by
malism, which explicitly takes into account the wave naturemolecular beam epitaxy it is fouffdthat the AF interlayer
of electrons. This treatment leads to quantum size effects inoupling at the first MR, peak is of an intrinsic nature and
the resistivity and magnetoresistar®R) and gives rise to is not due to a small amount of misaligned crystallites with
oscillations in: (i) the dependence of the resistivity of a (100) texturing. Thus, so far, it is not clear how the size of
single metallic film on the film thickne$s and(ii) the GMR  the GMR effect is related to the structural properties of the
effect in magnetic sandwich structurek.is commonly ac-  superlattice.
cepted that the GMR effect is due to spin-dependent scatter- Co/Au(111) superlattices with perpendicular magnetic
ing and both, experimeritend theoretical calculatiohda-  anisotropy were one of the structures in which the GMR
vor interface scattering as the most important mechanisneffect was first reportetf. After that, an antiparallel align-
However, the question is still op&hwhether bulk scatter- ment of the magnetic moments between adjacent Co layers
ing, originating from defects or impurities inside the mag- has been associatédvith spin-dependent scattering and at a
netic and the spacer layers, or interface scattering dominatester date the oscillatory MR, behavior has been assigned
the GMR effect. Both caiin principle) cause a GMR effect o oscillatory magnetic interactions, which were related
and in combination they can even cancel each other provideghe RKKY interlayer exchange couplirf@F). However, AF
that their spin asymmetry is oppostte. exchange coupling is not a necessary condition for the GMR
In exchange-coupled MLs the models use extensions of occur since the antiparallel alignment can be obtained also
the Ruderman—KltteI—Kasuya—Yos@RKKY) oscillations by other methodgRefs. 3 and 9, references theieifthus,
through the spacer Iayé?,whose period depends on Fermi {ha major differences between the Co(ALl) MLs and the
other (111-textured Co/NM MLs, that exhibit oscillatory
dElectronic mail: christides@ims.ariadne-t.gr GMR effect withty,, are:

The giant magnetoresistan¢@MR) effect occurs in a
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(i) The Co layer stacking is usually hcp in Co/Au MPs
while in Co/Cu MLs?>?it is fce, and in Co/Ag MLs, it is a
mixture of fcc, hep, and stacking faufts.

(i) The GMR Co/Au MLs exhibit perpendicular mag-
netic anisotrop}?'!” while in Co/Cu MLs the magnetic mo-
ments are always lying in the film plane. Generally, in
Co/Au MLs the magnetic anisotropy is induced either by the
magnetoelastic anisotropy, caused by the spin-orbit
coupling® of hcp Co, which fortc,<2.3 nm overcomes the
in-plane shape anisotropy due to the spin—spin dipole inter-
action, or by the broken symmetry at the interfaces due to
their sharpnes¥

(iii) In Co/Au(111) MLs the |arge magnetocrystalline FIG. 1. Bright-field(BF) image _iIIustrating the st_ructural profile o_f the sys-

. 3 . . tem. The Co/Au layers are depicted, over the, SiNffer layer, as bright and
anisotropy® of hcp Co causes an alignment of the magnetiCy,  pands. respectively.
moments perpendicular to the film plane and creates a coer-
cive fieldH. of about 0.5 kOe in the GMR curves that pre-

cludes their use in GMR applications. chamber with a base pressure ot 60~ Torr under an Ar
Practical applications of GMR sensors require large(99.999% purg pressure of 3 mTorr. A rf magnetron gun
GMR ratios and zero hysteresis in the GMR curves. Thus, "bperating at 30 W with a deposition rate of 0.09 nm/s was
the case of Co/Au MLs moadification of Co layering from hcp ysed for Co, and dc sputtering & W for Au, resulting in a
to fcc stacking is expected to reduce the magnetocrystallingate of 0.12 nm/s. Determination of the thickness of the vari-
anisotropy and théd.. Traditionally, sputtering has repre- ous |ayers was based on the deposition time assuming con-
sented a comparatively simple and rapid method for preparstant deposition rates. The bilayer thickness has been mea-
ing thin films with a large variety of microstructural features syred with low-angle x-ray diffractioiXRD) profiles and
that are adjusted by the deposition conditions to fit their exconfirmed by cross-section transmission electron microscopy
trinsic properties for applications. In recent years, there hagxTEM). XRD spectra were collected with a SIEMENS
been great aCtiVity and interest in the Co/Cu System, growihs00 powder diffractometer i—26 scans, using CKa
with (111) texturing, because it exhibits the largest GMR radiation. TEM observations were carried out in a Jeol JEM
ratios and oscillatory interlayer exchange coupling for sputq20 cX electron microscope operated at 120 kV. XTEM
tered MLs. Early studies on GMR ME$ have shown that  gpecimens were prepared using the standard techniques of
spacer layers comprising the nonferromagnetic 8d, and  mechanical thinning combined with appropriate ion milling.
5d metals exhibit a decrease of the interlayer exchange cou- Magnetic hysteresis loops were measured with a Quan-
pling strength down each column in the periodic table. Sincqum Design MPMSR2 superconducting quantum interference
noble metal spacer layers give some of the largest GMRjevice (SQUID) magnetometer. MR measurements were
values, it is showf? that high aspect ratios for low external performed at 300 K with the four-point-probe method, using
fields can be achieved for magnetiC MLs Comprising AUa dc current of 1 mA. The fieldd was app“ed in three
spacer layers. directions relative to the film plane and the current direction:
To the best of our knowledge, the only systemsplit-  one with H lying in the film plane vertical to the current
teredTM/Au MLs that exhibits oscillatory MR with a period gjrection (transversg the second wittH lying in the film
of tay~1.2nm, is reported for untextured diffe;o/AU  plane parallel to the curreibngitudina), and the third with
ﬁlms,25 Wh||e the most recent reSU|tS fOI‘ CO/AU'SpUtteredH perpendiCL”ar to the film. All measurements were per-
MLs?® show interesting magneto-optical properties. In theformed at 300 K by first applying the maximum positive

present study, as-prepared Co/Au MLs grown by magnetrofield H parallel to the film plane and then completing the
sputtering exhibit a GMR oscillation witty,, and a useful |gop.

change in GMR ratio per unit field for theCo(1 nm)/
Au(2.5 nm];, composition.

lll. EXPERIMENTAL RESULTS

A. TEM observations

Il. EXPERIMENTAL DETAILS
TEM measurements concern the[Co(1 nm)/

A series of[ Co(1 nm)/Au(ta,) ]so MLs was grown on  Au(2.5 nm]sq film with maximum GMR. The architecture
top of S(100 substrates with a 100 nm thick SiNuffer  of the system is illustrated in the bright-fie(BF) image of
layer. Metallic disks of 99.99% pure elements with a diam-Fig. 1. The lower layer is the Si substrate oriented with the
eter of 5 cm, were used as target materials in a high vacuuifl10] zone axis parallel to the electron beam. Over the amor-
Edwards E360A sputtering system with a cluster of ATOM-phous SiN buffer layer the Co/Au layers are imaged as suc-
TECH 320-SE planar magnetron sputter sources. The sulzessive bright and dark bands, respectively. In Fig. 1 it is
strates were cut before deposition in dimensions of 1zvident that the interfacial roughness of the Co/Au layers
x4 mnf. During deposition the $100/SiN, substrates increases as the distance from the buffer layer increases. In
were thermally isolated from the water-cooled supportingorder to estimate the interlayer thickness and sharpness, a
table. All samples were deposited in a cryogenically pumpednagnified area of the multilayer is depicted in Figa)2lt is
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FIG. 2. (&) A high magnification image of a multilayer area showing the
morphology of the Co/Au interlayer. The Au layers appear thicker due to
interdiffusion at the interfacegb) A line profile showing the contrast varia-
tion across a series of nine successive bilayers. FIG. 4. Dark-field(DF) images of the MLs showing the columnar mode of

growth and the existence ¢111) growth twins.(a) g=111 reflection of
Au. (b) g=2 0 0 reflection of Au from twinned crystals.

deduced that the thickness of the Co/Au bilayers remains
rather constant at 3250.05 nm for all repetitions. Figure
2(b) shows a line profile of the contrast intensity across thdion, all reflection spots are elongated and show that the
layers, which is not of a rectangular shape and indicates theultilayer is composed of small adjacent misoriented crys-
existence of interfacial disorder. tallites. Crystallographic analysis of the diffraction pattern
Figure 3 shows a diffraction pattern from an area of Fig.shows that thel spacing of thg111) planes isd;;;=0.229
1. It contains reflections from the multilayer and the Si sub-+0.001 nm, in agreement with the averaged, over all Co and
strate. The reflections of Si were used as an internal calibraAu layers, out-of-plane lattice parameter observed from the
tion for the precise determination of the crystallographic pa-XRD data.
rameters of the multilayer structure. The diffraction from the  The diffraction pattern in Fig. 3 is a composite pattern
multilayer contains reflections of tj&10] zone axis of Au, containing additional reflections arising from twin crystals
with the 111 reflection parallel to the 004 reflection of Si.that have as twin planes th@1l) plane of growth. The
This indicates that thél11) planes of Au are oriented par- modulation is also verified from the existence of satellite
allel to the (001) planes of Si. Since in similarly prepared reflections, which are shown in a magnified part of the dif-
Co/Cu multilayers thé111) Cu planes also exhiBita pref-  fraction pattern, given as an inset in Fig. 3. Figufa)4s a
erential orientation parallel to th€d01) planes of Si, it is  dark-field (DF) image, taken with the 111 reflection of Au,
evident that the 100 nm SjNouffer layer transfers the im- that reveals a characteristic columnar mode of growth. In
posed orientation from the @00) substrate texture and pro- addition, the observed surface roughness in Fig. 1 is a rep-
vides a flat surface, in atomic scale, for deposition. In addiresentative feature resulting from columnar growth in
strained multilayer structureé$.Figure 4b) is another DF
image from the same area takentwa 2 0 Otwinning re-
flection. Both DF images show that the twins are formed into
the same column. Since the columns grow throughout the
MLs or they are extended over many successive layers, their
crystal structure should be homogeneous. This leads to the
conclusion that an average fcc-modulated lattice is formed in
every columnar structure of the MLs. Such a conclusion is
also supported by the existence of numerfiisl} twins that
appear in the columns. Therefore, throughout a column, Co
and Au form successive layers that grow epitaxially. Thus,
Co should be of a cubic nature, although no characteristic Co
reflections were detected in the diffraction patterns.

B. XRD spectra and SUPREX analysis

Representative XRD profiles at the lowep), medium-
(middle), and high-(bottom angle regions are shown in Fig.
5 for the [Co(1 nm)/Au(2.5 nm]5, film, where the highest
GMR ratio is observed. The observation of four well-defined
FIG. 3. A diffraction pattern containing reflections from the MLs and the Si syperlattice Bragg peaks at low-angle spectra indiétas

substrate. The elongated reflections belong to the MLs. A magnified part of, . : : :
the diffraction, illustrating the satellites arising from the modulation, is éXIStence of sharp Co/Au interfaces. In the medium and

given as an inset. Eh2 0 O° forbidden reflection of Si appears from double high-angle regions satellite peaks with asymmetric intensi-
diffraction. ties were observed below and above the zero-order reflec-
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107 TABLE |. The obtained parameters from tlePrex refiniment of the
—~ +1 [Co(1 nm)/Au (2.5 nm]4, film, where the maximum GMR ratio is ob-
b 106 served.
- f
é) 105 +2 Parameter Co Au
8 d spacing(nm) 0.2098 0.237
=10t Number of atomic planes/lay@t 5.2 104
N’ +3 +4 Sco ands,, (in atomic planes 0.2 0.7
%D 103[ Total layer thicknes$=Nxd (nm) 1.09 2.27
— “Bulk” layer thicknesst, (nm) 0.878 2.235
10 ) . X Interface layer thickness=t-t, (nm) 0.213 0.237
4 8 12 Interface layer contractiodd, (nm) —0.022 —0.006
200 Interface layer expansioid, (nm) 0.018 0.011

(111)

MAS peak positions are usually indexed about the average
lattice constand:

2sind 1 n
=—*—, 1
Ay d A

3035 40 45 wheren is an integer that labels the order of the satellite
around the main Bragg peak, the wavelength of x rays,
A=tcotta,+t' (t'=total interface thickness and d
=A/(Np+Ng), with Ny, Ng the number of atomic planes
of materialA andB in one bilayer. From the peak positiods
and A can be determined directly. According to Ref. 30, the
crystalline layer is described ky atomic planes, which are
separated by a lattice constahfThe distribution of the num-
ber of planes\; for Co and Au layers is given by a discrete

100}

w
(=4

(intensity)! 12

! distribution about the mean valudk., andN 4, with widths
80 8 90 95 '
Sco and sy, . For every layer three atomic planes near the
20 (deg interface are allowed to expand or contract an amount

Ad.e""* andAd,e™"* on the bottom and top, respectively,
FIG. 5. The XRD profiles are shown at low-, medium-, and high-anglewheren=0,1,2 corresponds to atomic planes away from the
regions for the[ Co(1 nm)/Au(2.5 nm]g, film where the maximum GMR interface. These parameters account for the interface thick-
;?Jt;c;;acr)gfisrivsd. The solid line corresponds to the best fit obtained b)hess or roughness in the average layer thickness;=N,
Xda=t,+t;, wheret is the “bulk” layer thickness of the
relaxed lattice.

The interlayer disorder is also taken into account in the
tions at 2=39.463 ° @,,,=0.2282 nm) and 2=84.782°  suprexfitting procedure. Interlayer disorder refers to devia-
(d,,,=0.1143 nm) positions, that are indexed ifid 1) and tions in the periodicity of the layers along the growth direc-
(222 fcc Bragg peaks, respectively. Comparatively, the cortion that result from layer thickness variations and interface
responding bulk value for fcc Au id;14(Au)=0.2355 nm, disorder. The parameters of interface distamead interface
for hcp Co in the [0001] direction it is dggpA{Co) fluctuation widthc are related to the degree of interfae-
=0.2023 nm, while for fcc Co it igd;;;(C0)=0.2047 nm terlaye) disorder. For a lattice-mismatched incoherent inter-
andd,,(C0)=0.1023 nm. When the Co layers are coherentface, the interface distande(structural roughnegvaries in
with the Au layers, they are under tensile stress because tteecontinuous manner, described with a Gaussian distribution,
atomic size difference between Co and Au is as large aand the interface fluctuation (disordey is the width of the
15%. Thus, the lattice mismatch between fcc Au and hcp Cé@aussian.
is 0.0332 nm in the(111) direction of Au and slightly The best fit, achieved with exactly the same structural
smaller for fcc Co(0.0308 nm. parameters in MAS and HAS patterns, is shown with the

In order to obtain information on the stacking of atomic solid line in Fig. 1 for thg Co(1 nm)/Au(2.5 nm]5, film and
planes in the(111) direction of Au, the observed spectra the obtained parameters are listed in Table I. The estimated
were fitted by using the superlattice refineméatPREX A=3.563 nm and the, values from Table | indicate that
progrant® developed to allow a quantitative comparison be-there is a rough bilayer interfadé=0.45 nm. This corre-
tween the model calculations and the measured profilesponds to two atomic planes at the interface of Co/Au and is
Since our low-angle observed profiles are not reliable fora measure of their sharpness. The obtained interface distance
guantitative analysis only the mediuniMAS) and high- h=0.226 nm, with an interface fluctuatiddisordej width
angle satellite(HAS) peaks are used. For convenience, thec=0.013 nm, gives an estimation of the lattice mismatch
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that is almost equal to the average separation distance: 4
(dayt+dco)/2 of Co and Au atomic planes. TreJPREX fit- AMR GMR
ting reveals information for two important structural fea- effect I effect
tures: :

. ~ “

(i) “Bulk” tc, andty,, values correspond to four and c\b
nine atomic planes per layer, respectively, whiletthealues NI
in Table | are about one atomic plane of Co and Au thick. If Q
a layer-by-layer growth mode is assumed, then the in-plane 'b\q o o
Co layers will be expanded and Au layers will be in-plane 6' D\o\ " > -
compressed, as in Co/CliL1) superlattice$! Such in-plane I ¢ “.,,0: »¢ °
Co expansion together with the out-of-plathe-spacing ex- 5 g "t
pansion(Fig. 5 will result in a three-dimensional volume 0

expansion of the unit cell that is not favored from the in-
crease of lattice strain energy. Spin ecfiGo nuclear mag-
netic resonancéNMR) spectra in these Co/Au MLs have
revealed a significant modification in Co atomic packing
that is different from the hcp or the fcc stacking. In the fitting
model the NMR spectra were reconciled with a high concen-
tration (~12%) of Co vacancies. Therefore, it is reasonable
to assume that, kinetically grown, prismatic dislocations are
formed in the atomic planes of Co. These kinds of structural
modifications are expected to control the micromagnetic
structure within the Co layers.

(i) In Table I thed, andd,, spacings are both larger
than their bulk values by 2.5% for fcc Co, 3.7% for hcp Co,
and 0.6% for Au. Since the obtainelg, spacing expansion ) ) )
is less than the 15% expected from the Cq/#Ll) lattice 20 40 60 80 100
mismatch, and the estimated interface roughness is limited to t, Aty +t. ) (%)
two atomic planes of Co—Au, this suggests that the Co/Au AutAu’ "Co
interfaces are incoherent. FIG. 6. Variation of the MR ratid R, R(H9)/R(Hy) as a function ot ,

Considering incoherent interfaces, the variationdef;  with H applied in the film plane verticallycircles and paralle(squaresto
(=d) interatomic spacings as a function of the fractional Authe current flow direction. The variation of ti,,(=d) spacings, deter-
thicknessp=tAu/A is plotted in Fig. 6(bottom). Thesedlll mined frpm the pogition of the fundamental Bragg peak, is plotted against
values were determined from the position of the fundamentat'qe fractional Au thicknesp=ta, fA.

(111 Bragg peak and they express an out-of-plane lattice

parameter averaged over all Co and Au layers. A linear fipbserved in polycrystalline GMR multilayérsind can be
(solid line) of these data gives dj;1(Au)=0.2355 nm for  attributed to intralayetbulk) spin-dependent scattering or to
p=100% (pure fcc Ay and ad;;,(C0)=0.2096 nm forp interfacial scattering from a small fraction of grains that ex-
=0% (pure C9. These values are in agreement with thehibit antiparallel alignment among adjacent layers due to sta-
bulk d spacing of Au and the estimateid, value in Table | tjstical deviations in spacer layer thickne@sterface rough-

for the [Co(1 nm)/Au(2.5 nm ] film. ness. The period of the MR oscillations is different from
that observed in epitaxial grown Co/fl1)/Co trilayers®
where the MR maxima occur fdi,~5, 9 and 14 atomic
planes(1.2, 2.1, and 3.3 nijn Epitaxial trilayers exhibit a
mean oscillation period of 4.5 atomic planes, in agreement
with the theoretical prediction of 4.83 atomic platfefor
oscillating coupling through Ad1l). Comparing thety,

2.32¢

dy(111) (nm)

N
-
(=

C. Magnetization and magnetoresistance
measurements

In Fig. 6 (top) is shown the variation of the MR ratio
[ Rmax— R(H9TR(Hy), whereHg is the saturation field, as a
function of t,, with H applied in the film plane vertical values at the GMR maxima is evident that our first GMR
(circles,R,) and parallel(squaresR) to the current flow peak(~10 atomic planes of Auis near the second GMR
direction. A characteristic change has been observed in th@aximum of the trilayer in Ref. 15. This indicates that for
shape of the MR{l) curves above and beloty,~2.3nm. t,,=2.5nm the GMR effect is mainly due to interfacial
For ty,>2.3 nm, three well-defined MR maxima, with val- spin-dependent scattering. The longitudinal Kerr-effect hys-
ues AR/R=3.5%+0.1%, 1.3%-0.1%, and 1.1%0.1% teresis loop has reveaf®h manifold loop with insignificant
were observed for Au layer thicknessegj of 2.5, 3.9, and residual magnetization fot,,=2.5 nm, inferring coexist-
5.1 nm(~10, 16, and 22 Au atomic planesespectively, in ence of the so-callé&® “bilinear” and “biquadratic” in-
a range of applied magnetic fields less thas0 Oe, and terlayer coupling terms at this GMR maximum. However, in
were attributed to the GMR effect. A residual MR ratio of the second GMR maximumt{,=3.9 nm) there is a ferro-
0.3%-0.5% appears in, regions where the interlayer cou- magnetic Kerr-effect loop, that is characteristic of a random
pling is expected to be ferromagnetic. This effect is usuallydistribution of Co magnetic moments, resulting from mag-



6226 J. Appl. Phys., Vol. 84, No. 11, 1 December 1998 Stavroyiannis et al.

I'Hin plane HlL film

H in plane H film Vs
§ 0 %

/ A A 2
-1 . “ . . -1.4 0.0 1.4
02  -01 0.0 0.1 02-4 -2 0 2 4 H (kOe)

H (kOe)

o ) FIG. 8. The observed AMR curves are shown (bottom the transverse
FIG. 7. Isothermal loops of the reduced magnetizatibiM with H ap- (| | 1) and(top) longitudinal (1IH) field configuration. The Au layer thick-
plied parallel to the long axi®@n the lef) and perpendiculaon the righj to ness values are indicated foy,=0.4 nm(x), 0.6 nm(circles, 1 nm (short
the film plane. The transverse fielth{ 1) GMR loop, withH lying in the dash, 1.5 nm(solid ling), and 2 nm(+).
film plane(on the lef}, and the GMR loop foH perpendicular to film plane
(on the righf are shown. Al measurements concern the
[Co(1 nm)/Au(2.5 nm)] 5 film.

Note that the displayed values are not calculated with the

usual formula for the AMR ratie (R,—R,)/(R;+R,), in
netically uncoupled layers. Thus, we may conclude thabrder to be comparable with the GMR ratios fog,
abovet,,=2.5 nm the magnetic coupling between adjacent>2.3 nm. The anisotropic MR variation with,, exhibits a
Co layers is decreasing and the GMR effect is reduced besimilar behavior to that observed [i€o(0.3 nm/Au(tay]ag
cause the spin-dependent scattering occfisn a smaller  MLs,*” grown on glass substrates by electron-beam evapora-
number of neighboring Co regions with antiparallel align-tion, where a maximum AMR ratio appears fdn,
ment of magnetic moments. Surprisingly, the oscillatory pe=0.6 nm in both cases. Figure @ottom shows the ob-
riod of 6 atomic Au planes in our Co/Alill) MLs is the  served AMR curves for the transverseLH) and Fig. 8
same with that observed in Co/Ci11) MLs™ '3 where the (top) shows the longitudinall(H) configuration. Remark-
Co layer stacking is fcc. ably, a considerable change in the shape of the MR curve is

For the [Co(1 nm/Au(2.5 nm];, sample we show in observed fot,,= 1.5 and 1.0 nm, which fall in the Au thick-

Fig. 7: at the bottom, the reduced magnetizafidfM iso-  ness range where a perpendicular anisotropy is repdftéd.
thermal loop withH applied in plangon the lefy and per-  Fort,,<1 nm the strength of the magnetocrystalline anisot-
pendicular(on the righj to film plane; on top the transverse ropy is reduced and as a result AMR curves with low satu-
field (HL1) GMR loop withH lying in the film plane(on the  ration fields are observed again.
left) and the GMR loop wittH perpendiculaKon the righg Figure 9 shows the variation of the coercive fig#d
to the film plane. A comparison of the magnetic loop shapestop) and the saturation fieltH (bottom values, deduced
and the large differences &f; values, observed in the GMR from the AMR and GMR curves with transverse in-plane
loops, indicates that the magnetization is lying in the filmfield geometry, as a function df,,. At first, it is obvious
plane. The in-planeM/Mg versusH loop has the typical that the AMR ratiogFig. 2, top do not follow the variation
shape of an antiferromagnetic material, implying that theof the correspondindd, and Hg parameters fot,,<2 nm,
magnetic moments between adjacent Co layers are Awhile for t5,>2 nm the GMR ratios follow the variation of
coupled. In addition, for the transverse field GMR loop theH; and provide evidence for interlayer exchange coupling
drop in resistance is saturated ldt~30 Oe and leads to among the Co layers. Second, there is an order of magnitude
changes in resistance per unit fig(dfficiency of about change in théd. andH peak values between thg, regions
0.11%/Oe at room temperatufRT). This efficiency is an where either the AMR or the GMR effect is predominant.
order of magnitude less than the 4%/Oe obsefViedaniso-  These two features indicate that:
tropic magnetoresistanddMR) films of NigFe ¢ and the (i) for t,,<2nm the Co layer magnetic anisotropy
1%/Oe observed in GMR WjiFe;o/Au MLs.?® For the field («<H.) determines the rotation of magnetic moments
applied perpendicular to the film plane &h~560 Oe is (xH,) in the film plane; and
observed that gives an efficiency of about 0.006%/Oe. For (ii) for tp,>2nm the Hy(~15-300e) andH,
tau<2.3 nm the longitudinal R;) and transverseR;) MR (~10 Oe) values are similar to those observed in TM/NM
curves are ascending and descending, respectively, by iMALs, where the interlayer exchange coupling strength via the
creasing the magnetic fielFig. 8. The observed curves are NM spacer layer determines the GMR properti@swhile
typical of the AMR effect, arising from the ferromagnetic the contribution from the magnetic layer anisotropy is insig-
arrangement of adjacent magnetic mom&his the MLs. nificant. The smalH, values indicate that the Co layer an-
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~*0.05 kOe. This order of magnitude improvementHof
60} indicates that sputter grown Co/Au MLs can be considered
as possible candidates for use in GMR applications.

(iv) The maximum obtained GMR ratio of 3.1% is about
40} 1% higher than that observed in epitaxial trilayers.

The observed differences between epitaxial trilayers or
multilayers and our sputtered films may be attributed to
20} structural modifications in the stacking of the Co layers.
Kinetically grown nanostructures of Co can be obtained
when the growth of the absorbate Co layer is determined by
heterogeneous nucleation at intrinsic defects on the underly-
ing Au layer or the substrate. These defects can be steps on a
vicinal surfac& or particular sites on a reconstructed
surface’ It has been observélithat at the close-packed
(111) surface of Au layers there are reconstructed domains
separated with two kinds of boundaries: step edges and kink
positions. Thus, it is fourld that during deposition of Co on
Au(111), a hcp stacking is favored only when large Co is-
lands nucleate at the kink sites. Since in our case the Co
layer stacking is not hcp, it can be argued that the used

H, (Oe)

‘ s . 4 - deposition conditions alter the Co coverage during growth of
05 10 15 20 25 Co on Au111) surfaces by changing the size of Co islands
t Au (nm) nucleating at the Au step edgeéfec stacking relative to
those formed at kink sitegcp stacking
FIG. 9. Variation of the coercive fielll, and the saturation field values, In summary, it is shown that magnetron-sputtered Co/Au

deduced from the AMR and GMR curves with transverse in-plane field\|_s with (111) texturing exhibit a low-field GMR effect, for
geometry, as a function of the Au layer thicknégs. ta,>>2 nm, with small coercive and switching fields. Depo-
sition of Co/Au MLs on SiN buffer layers seems to enable
isotropy is rather isotropi¢cubic) and not uniaxial, as in the d_evelopment of a considerab_le fr_action of faults_ in the
structures with hexagonal or tetragonal symmetry. In addi%aCkmg of Co along t.he growth direction. Indeed, spin echo
Co nuclear magnetic resonance spettriipm the same

tion, the Hg values are much smaller relative to those ob- ) 2 . ' )

served in Co/Cu and Co/Ag MUSThis is in agreement with Co/Au films, exhibit a unique profile that cannot be assigned

the observation that for® 4d, and 5 noble metals the to any of the knoyvn crystalline or glassy Co structures. Thys,

interlayer exchange coupling strength decreases down eayﬁe observed dlffererjces In magnetotransport properties,

column in the periodic tabl&®2?® Thus, contrary to results among the h?re examined Co/Au MLs and those rfs_portt_ed by

reported earlier for this systefrt? our results show that in now, are attributed to the development of a specific micro-
’ structure in the magnetic layers. ThéCo(1 nm)/

sputtered Co/A(l11) MLs it is possible to achieve low in- i L . 0 !
plane switching fields and GMR curves with very small Au(2.5nm 50 mm. exhibits aGMR_rat|o (.)f 3.5% at RT V.V'th
H,~30 Oe, leading to changes in resistance per unit field

hysteresis. (efficiency) of about 0.11%/Oe.
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