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Low-field giant magnetoresistance in „111…-textured Co/Au multilayers
prepared with magnetron sputtering
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~Received 30 January 1998; accepted for publication 2 September 1998!

A series of magnetron-sputtered@Co~1 nm!/Au(tAu)#30 multilayers ~MLs! has been deposited on
Si~100! substrates covered with a 100 nm thick SiNx buffer layer. The samples were examined with
x-ray diffraction ~XRD!, magnetotransport~MR!, isothermal magnetization (M -H), and
transmission electron microscopy~TEM! 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 an~111! preferred orientation is evident along the growth
direction. Three MR maxima, with valuesDR/Rs53.5%, 1.3%, and 1.1% were observed for Au
layer thicknesses (tAu) of 2.5, 3.9, and 5.1 nm, respectively, in a range of applied magnetic fields
less than6100 Oe, that are attributed to the giant magnetoresistance~GMR! effect. In the
@Co~1 nm!/Au~2.4 nm!#30 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. BelowtAu52 nm a maximum anisotropic MR effect of 2% is observed for
tAu50.6 nm. © 1998 American Institute of Physics.@S0021-8979~98!05223-2#
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I. INTRODUCTION

The giant magnetoresistance~GMR! effect occurs in a
variety of magnetic systems including heterostructures
multilayers ~MLs!, spin valves, or granular materials.1 In
TM/NM MLs (TM 5Fe, Co, Ni or Ni81Fe19 permalloy and
NM5Cu, Ag, Au noble metals! the GMR ratio MRmax

5(Rmax-Rs)/Rs, with Rmax the maximum andRs the mini-
mum resistance in different magnetic fieldsH, is an oscillat-
ing function of spacer thickness (tNM) with maxima1,2 corre-
sponding to antiferromagnetic~AF! coupling between
neighboring TM layers. Although the GMR effect is not
quantum origin3 one has to apply a quantum-mechanical f
malism, which explicitly takes into account the wave natu
of electrons. This treatment leads to quantum size effect
the resistivity and magnetoresistance~MR! and gives rise to
oscillations in: ~i! the dependence of the resistivity of
single metallic film on the film thickness4,5 and~ii ! the GMR
effect in magnetic sandwich structures.3 It is commonly ac-
cepted that the GMR effect is due to spin-dependent sca
ing and both, experiments6 and theoretical calculations7 fa-
vor interface scattering as the most important mechani
However, the question is still open3,8 whether bulk scatter-
ing, originating from defects or impurities inside the ma
netic and the spacer layers, or interface scattering domin
the GMR effect. Both can~in principle! cause a GMR effec
and in combination they can even cancel each other prov
that their spin asymmetry is opposite.9

In exchange-coupled MLs the models use extension
the Ruderman–Kittel–Kasuya–Yosida~RKKY ! oscillations
through the spacer layer,10 whose period depends on Ferm

a!Electronic mail: christides@ims.ariadne-t.gr
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surface parameters, and spin-dependent potential wells11 to
explain theoretically the oscillatory GMR for polycrystallin
Cu, and ~001!, ~110!-oriented NM spacers.12 However, in
epitaxial or polycrystalline TM/NM MLs grown with a~111!
preferred orientation13–15 the observed oscillatory interlaye
exchange coupling is markedly different from the theore
cally predicted 1/tNM ~Ref. 2! dependence. Specifically,
has been argued16 that in sputtered Fe/Cu/Fe and Co/Cu/C
MLs the minority grains with~100! preferred orientation
may be responsible for the antiferromagnetic interlayer c
pling, while the dominant~111!-textured grains account fo
their GMR. On the other hand, in Co/Cu~111! MLs grown by
molecular beam epitaxy it is found12 that the AF interlayer
coupling at the first MRmax peak is of an intrinsic nature an
is not due to a small amount of misaligned crystallites w
~100! texturing. Thus, so far, it is not clear how the size
the GMR effect is related to the structural properties of
superlattice.

Co/Au~111! superlattices with perpendicular magne
anisotropy were one of the structures in which the GM
effect was first reported.17 After that, an antiparallel align-
ment of the magnetic moments between adjacent Co la
has been associated18 with spin-dependent scattering and a
later date the oscillatory MRmax behavior has been assigne
to oscillatory magnetic interactions, which were related15 to
the RKKY interlayer exchange coupling~AF!. However, AF
exchange coupling is not a necessary condition for the G
to occur since the antiparallel alignment can be obtained
by other methods~Refs. 3 and 9, references therein!. Thus,
the major differences between the Co/Au~111! MLs and the
other ~111!-textured Co/NM MLs, that exhibit oscillatory
GMR effect with tNM , are:
1 © 1998 American Institute of Physics



-
-
in

th
rb

te

e
ti
o
e-

g
,
p

llin
-

pa
es
ex
ha
w
R
u

o
c

M
al
Au

ed
h
tro

m
u

M
su
1

in
e

n
as

ri-
con-

ea-

opy
S

M
M
s of

g.
an-
nce
re
ng

n:
t

er-
e
e

the
or-
c-

t is
ers
s. In
s, a

-
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~i! The Co layer stacking is usually hcp in Co/Au MLs19

while in Co/Cu MLs,20,21 it is fcc, and in Co/Ag MLs, it is a
mixture of fcc, hcp, and stacking faults.22

~ii ! The GMR Co/Au MLs exhibit perpendicular mag
netic anisotropy15,17 while in Co/Cu MLs the magnetic mo
ments are always lying in the film plane. Generally,
Co/Au MLs the magnetic anisotropy is induced either by
magnetoelastic anisotropy, caused by the spin-o
coupling23 of hcp Co, which fortCo,2.3 nm overcomes the
in-plane shape anisotropy due to the spin–spin dipole in
action, or by the broken symmetry at the interfaces due
their sharpness.24

~iii ! In Co/Au~111! MLs the large magnetocrystallin
anisotropy23 of hcp Co causes an alignment of the magne
moments perpendicular to the film plane and creates a c
cive field Hc of about 0.5 kOe in the GMR curves that pr
cludes their use in GMR applications.

Practical applications of GMR sensors require lar
GMR ratios and zero hysteresis in the GMR curves. Thus
the case of Co/Au MLs modification of Co layering from hc
to fcc stacking is expected to reduce the magnetocrysta
anisotropy and theHc . Traditionally, sputtering has repre
sented a comparatively simple and rapid method for pre
ing thin films with a large variety of microstructural featur
that are adjusted by the deposition conditions to fit their
trinsic properties for applications. In recent years, there
been great activity and interest in the Co/Cu system, gro
with ~111! texturing, because it exhibits the largest GM
ratios and oscillatory interlayer exchange coupling for sp
tered MLs. Early studies on GMR MLs1,2 have shown that
spacer layers comprising the nonferromagnetic 3d, 4d, and
5d metals exhibit a decrease of the interlayer exchange c
pling strength down each column in the periodic table. Sin
noble metal spacer layers give some of the largest G
values, it is shown25 that high aspect ratios for low extern
fields can be achieved for magnetic MLs comprising
spacer layers.

To the best of our knowledge, the only system ofsput-
teredTM/Au MLs that exhibits oscillatory MR with a period
of tAu'1.2 nm, is reported for untextured Ni81Fe19/Au
films,25 while the most recent results for Co/Au-sputter
MLs26 show interesting magneto-optical properties. In t
present study, as-prepared Co/Au MLs grown by magne
sputtering exhibit a GMR oscillation withtAu , and a useful
change in GMR ratio per unit field for the@Co~1 nm!/
Au~2.5 nm!#30 composition.

II. EXPERIMENTAL DETAILS

A series of @Co~1 nm!/Au(tAu)#30 MLs was grown on
top of Si~100! substrates with a 100 nm thick SiNx buffer
layer. Metallic disks of 99.99% pure elements with a dia
eter of 5 cm, were used as target materials in a high vacu
Edwards E360A sputtering system with a cluster of ATO
TECH 320-SE planar magnetron sputter sources. The
strates were cut before deposition in dimensions of
34 mm2. During deposition the Si~100!/SiNx substrates
were thermally isolated from the water-cooled support
table. All samples were deposited in a cryogenically pump
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chamber with a base pressure of 631027 Torr under an Ar
~99.999% pure! pressure of 3 mTorr. A rf magnetron gu
operating at 30 W with a deposition rate of 0.09 nm/s w
used for Co, and dc sputtering at 5 W for Au, resulting in a
rate of 0.12 nm/s. Determination of the thickness of the va
ous layers was based on the deposition time assuming
stant deposition rates. The bilayer thickness has been m
sured with low-angle x-ray diffraction~XRD! profiles and
confirmed by cross-section transmission electron microsc
~XTEM!. XRD spectra were collected with a SIEMEN
D500 powder diffractometer inu–2u scans, using CuKa
radiation. TEM observations were carried out in a Jeol JE
120 CX electron microscope operated at 120 kV. XTE
specimens were prepared using the standard technique
mechanical thinning combined with appropriate ion millin

Magnetic hysteresis loops were measured with a Qu
tum Design MPMSR2 superconducting quantum interfere
device ~SQUID! magnetometer. MR measurements we
performed at 300 K with the four-point-probe method, usi
a dc current of 1 mA. The fieldH was applied in three
directions relative to the film plane and the current directio
one with H lying in the film plane vertical to the curren
direction ~transverse!, the second withH lying in the film
plane parallel to the current~longitudinal!, and the third with
H perpendicular to the film. All measurements were p
formed at 300 K by first applying the maximum positiv
field H parallel to the film plane and then completing th
loop.

III. EXPERIMENTAL RESULTS

A. TEM observations

TEM measurements concern the@Co~1 nm!/
Au~2.5 nm!#30 film with maximum GMR. The architecture
of the system is illustrated in the bright-field~BF! image of
Fig. 1. The lower layer is the Si substrate oriented with
@110# zone axis parallel to the electron beam. Over the am
phous SiNx buffer layer the Co/Au layers are imaged as su
cessive bright and dark bands, respectively. In Fig. 1 i
evident that the interfacial roughness of the Co/Au lay
increases as the distance from the buffer layer increase
order to estimate the interlayer thickness and sharpnes
magnified area of the multilayer is depicted in Fig. 2~a!. It is

FIG. 1. Bright-field~BF! image illustrating the structural profile of the sys
tem. The Co/Au layers are depicted, over the SiNx buffer layer, as bright and
dark bands, respectively.
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deduced that the thickness of the Co/Au bilayers rema
rather constant at 3.560.05 nm for all repetitions. Figure
2~b! shows a line profile of the contrast intensity across
layers, which is not of a rectangular shape and indicates
existence of interfacial disorder.

Figure 3 shows a diffraction pattern from an area of F
1. It contains reflections from the multilayer and the Si su
strate. The reflections of Si were used as an internal cali
tion for the precise determination of the crystallographic
rameters of the multilayer structure. The diffraction from t
multilayer contains reflections of the@110# zone axis of Au,
with the 111 reflection parallel to the 004 reflection of S
This indicates that the~111! planes of Au are oriented par
allel to the ~001! planes of Si. Since in similarly prepare
Co/Cu multilayers the~111! Cu planes also exhibit27 a pref-
erential orientation parallel to the~001! planes of Si, it is
evident that the 100 nm SiNx buffer layer transfers the im
posed orientation from the Si~100! substrate texture and pro
vides a flat surface, in atomic scale, for deposition. In ad

FIG. 2. ~a! A high magnification image of a multilayer area showing t
morphology of the Co/Au interlayer. The Au layers appear thicker due
interdiffusion at the interfaces.~b! A line profile showing the contrast varia
tion across a series of nine successive bilayers.

FIG. 3. A diffraction pattern containing reflections from the MLs and the
substrate. The elongated reflections belong to the MLs. A magnified pa
the diffraction, illustrating the satellites arising from the modulation,
given as an inset. The 2 0 0* forbidden reflection of Si appears from doub
diffraction.
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tion, all reflection spots are elongated and show that
multilayer is composed of small adjacent misoriented cr
tallites. Crystallographic analysis of the diffraction patte
shows that thed spacing of the~111! planes isd11150.229
60.001 nm, in agreement with the averaged, over all Co
Au layers, out-of-plane lattice parameter observed from
XRD data.

The diffraction pattern in Fig. 3 is a composite patte
containing additional reflections arising from twin crysta
that have as twin planes the~111! plane of growth. The
modulation is also verified from the existence of satell
reflections, which are shown in a magnified part of the d
fraction pattern, given as an inset in Fig. 3. Figure 4~a! is a
dark-field ~DF! image, taken with the 111̄ reflection of Au,
that reveals a characteristic columnar mode of growth.
addition, the observed surface roughness in Fig. 1 is a
resentative feature resulting from columnar growth
strained multilayer structures.28 Figure 4~b! is another DF
image from the same area taken with a 2 0 0twinning re-
flection. Both DF images show that the twins are formed in
the same column. Since the columns grow throughout
MLs or they are extended over many successive layers, t
crystal structure should be homogeneous. This leads to
conclusion that an average fcc-modulated lattice is forme
every columnar structure of the MLs. Such a conclusion
also supported by the existence of numerous$111% twins that
appear in the columns. Therefore, throughout a column,
and Au form successive layers that grow epitaxially. Th
Co should be of a cubic nature, although no characteristic
reflections were detected in the diffraction patterns.

B. XRD spectra and SUPREX analysis

Representative XRD profiles at the low-~top!, medium-
~middle!, and high-~bottom! angle regions are shown in Fig
5 for the @Co~1 nm!/Au~2.5 nm!#30 film, where the highest
GMR ratio is observed. The observation of four well-defin
superlattice Bragg peaks at low-angle spectra indicates24 the
existence of sharp Co/Au interfaces. In the medium a
high-angle regions satellite peaks with asymmetric inten
ties were observed below and above the zero-order re

o

i
of

FIG. 4. Dark-field~DF! images of the MLs showing the columnar mode

growth and the existence of~111! growth twins.~a! g511̄1 reflection of
Au. ~b! g52 0 0 reflection of Au from twinned crystals.
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tions at 2u539.463 ° (d11150.2282 nm) and 2u584.782 °
(d22250.1143 nm) positions, that are indexed into~111! and
~222! fcc Bragg peaks, respectively. Comparatively, the c
responding bulk value for fcc Au isd111(Au)50.2355 nm,
for hcp Co in the @0001# direction it is d0002(Co)
50.2023 nm, while for fcc Co it isd111(Co)50.2047 nm
andd222(Co)50.1023 nm. When the Co layers are coher
with the Au layers, they are under tensile stress because
atomic size difference between Co and Au is as large
15%. Thus, the lattice mismatch between fcc Au and hcp
is 0.0332 nm in the~111! direction of Au and slightly
smaller for fcc Co~0.0308 nm!.

In order to obtain information on the stacking of atom
planes in the~111! direction of Au, the observed spectr
were fitted by using the superlattice refinement~SUPREX!
program29 developed to allow a quantitative comparison b
tween the model calculations and the measured profi
Since our low-angle observed profiles are not reliable
quantitative analysis only the medium-~MAS! and high-
angle satellite~HAS! peaks are used. For convenience,

FIG. 5. The XRD profiles are shown at low-, medium-, and high-an
regions for the@Co~1 nm!/Au~2.5 nm!#30 film where the maximum GMR
ratio is observed. The solid line corresponds to the best fit obtained
SUPREX analysis.
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MAS peak positions are usually indexed about the aver
lattice constantd̄:

2 sin q

lx

5
1

d̄
6

n

L
, ~1!

where n is an integer that labels the order of the satell
around the main Bragg peak,lx the wavelength of x rays
L5tCo1tAu1t8 (t85total interface thickness!, and d̄
5L/(NA1NB), with NA , NB the number of atomic plane
of materialA andB in one bilayer. From the peak positionsd̄
andL can be determined directly. According to Ref. 30, t
crystalline layer is described byN atomic planes, which are
separated by a lattice constantd. The distribution of the num-
ber of planesNj for Co and Au layers is given by a discre
distribution about the mean valuesNCo andNAu with widths
sCo and sAu . For every layer three atomic planes near t
interface are allowed to expand or contract an amo
Dd1e2na andDd2e2na on the bottom and top, respectivel
wheren50,1,2 corresponds to atomic planes away from
interface. These parameters account for the interface th
ness or roughnesst i in the average layer thickness:tA5NA

3dA5tb1t i , wheretb is the ‘‘bulk’’ layer thickness of the
relaxed lattice.

The interlayer disorder is also taken into account in
SUPREXfitting procedure. Interlayer disorder refers to dev
tions in the periodicity of the layers along the growth dire
tion that result from layer thickness variations and interfa
disorder. The parameters of interface distanceh and interface
fluctuation widthc are related to the degree of interface~in-
terlayer! disorder. For a lattice-mismatched incoherent int
face, the interface distanceh ~structural roughness! varies in
a continuous manner, described with a Gaussian distribut
and the interface fluctuationc ~disorder! is the width of the
Gaussian.

The best fit, achieved with exactly the same structu
parameters in MAS and HAS patterns, is shown with t
solid line in Fig. 1 for the@Co~1 nm!/Au~2.5 nm!#30 film and
the obtained parameters are listed in Table I. The estima
L53.563 nm and thetb values from Table I indicate tha
there is a rough bilayer interfacet850.45 nm. This corre-
sponds to two atomic planes at the interface of Co/Au an
a measure of their sharpness. The obtained interface dist
h50.226 nm, with an interface fluctuation~disorder! width
c50.013 nm, gives an estimation of the lattice misma

y

TABLE I. The obtained parameters from theSUPREX refiniment of the
@Co~1 nm!/Au ~2.5 nm!#30 film, where the maximum GMR ratio is ob
served.

Parameter Co Au

d spacing~nm! 0.2098 0.237
Number of atomic planes/layerN 5.2 10.4
sCo andsAu ~in atomic planes! 0.2 0.7
Total layer thicknesst5N3d ~nm! 1.09 2.27
‘‘Bulk’’ layer thickness tb ~nm! 0.878 2.235
Interface layer thicknesst i5t-tb ~nm! 0.213 0.237
Interface layer contractionDd1 ~nm! 20.022 20.006
Interface layer expansionDd2 ~nm! 0.018 0.011
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that is almost equal to the average separation dista
(dAu1dCo)/2 of Co and Au atomic planes. TheSUPREX fit-
ting reveals information for two important structural fe
tures:

~i! ‘‘Bulk’’ tCo and tAu values correspond to four an
nine atomic planes per layer, respectively, while thet i values
in Table I are about one atomic plane of Co and Au thick
a layer-by-layer growth mode is assumed, then the in-pl
Co layers will be expanded and Au layers will be in-pla
compressed, as in Co/Cu~111! superlattices.31 Such in-plane
Co expansion together with the out-of-planedCo-spacing ex-
pansion~Fig. 5! will result in a three-dimensional volum
expansion of the unit cell that is not favored from the
crease of lattice strain energy. Spin echo59Co nuclear mag-
netic resonance~NMR! spectra in these Co/Au MLs hav
revealed32 a significant modification in Co atomic packin
that is different from the hcp or the fcc stacking. In the fittin
model the NMR spectra were reconciled with a high conc
tration ~;12%! of Co vacancies. Therefore, it is reasonab
to assume that, kinetically grown, prismatic dislocations
formed in the atomic planes of Co. These kinds of structu
modifications are expected to control the micromagne
structure within the Co layers.

~ii ! In Table I thedCo anddAu spacings are both large
than their bulk values by 2.5% for fcc Co, 3.7% for hcp C
and 0.6% for Au. Since the obtaineddCo spacing expansion
is less than the 15% expected from the Co/Au~111! lattice
mismatch, and the estimated interface roughness is limite
two atomic planes of Co–Au, this suggests that the Co
interfaces are incoherent.

Considering incoherent interfaces, the variation ofd111

(5d̄) interatomic spacings as a function of the fractional
thicknessp5tAu /L is plotted in Fig. 6~bottom!. Thesed111

values were determined from the position of the fundame
~111! Bragg peak and they express an out-of-plane lat
parameter averaged over all Co and Au layers. A linear
~solid line! of these data gives ad111(Au)50.2355 nm for
p5100% ~pure fcc Au! and ad111(Co)50.2096 nm forp
50% ~pure Co!. These values are in agreement with t
bulk d spacing of Au and the estimateddCo value in Table I
for the @Co~1 nm!/Au~2.5 nm!#30 film.

C. Magnetization and magnetoresistance
measurements

In Fig. 6 ~top! is shown the variation of the MR ratio
@Rmax2R(Hs)#/R(Hs), whereHs is the saturation field, as
function of tAu with H applied in the film plane vertica
~circles, R') and parallel~squares,Ri) to the current flow
direction. A characteristic change has been observed in
shape of the MR(H) curves above and belowtAu'2.3 nm.
For tAu.2.3 nm, three well-defined MR maxima, with va
ues DR/R53.5%60.1%, 1.3%60.1%, and 1.1%60.1%
were observed for Au layer thicknesses (tAu) of 2.5, 3.9, and
5.1 nm~;10, 16, and 22 Au atomic planes!, respectively, in
a range of applied magnetic fields less than660 Oe, and
were attributed to the GMR effect. A residual MR ratio
0.3%–0.5% appears intAu regions where the interlayer cou
pling is expected to be ferromagnetic. This effect is usua
e:

f
e

-

e
l

c

,

to
u

al
e
t

he

y

observed in polycrystalline GMR multilayers1 and can be
attributed to intralayer~bulk! spin-dependent scattering or t
interfacial scattering from a small fraction of grains that e
hibit antiparallel alignment among adjacent layers due to
tistical deviations in spacer layer thickness~interface rough-
ness!. The period of the MR oscillations is different from
that observed in epitaxial grown Co/Au~111!/Co trilayers15

where the MR maxima occur fortAu'5, 9 and 14 atomic
planes~1.2, 2.1, and 3.3 nm!. Epitaxial trilayers exhibit a
mean oscillation period of 4.5 atomic planes, in agreem
with the theoretical prediction of 4.83 atomic planes10 for
oscillating coupling through Au~111!. Comparing thetAu

values at the GMR maxima is evident that our first GM
peak ~;10 atomic planes of Au! is near the second GMR
maximum of the trilayer in Ref. 15. This indicates that f
tAu52.5 nm the GMR effect is mainly due to interfacia
spin-dependent scattering. The longitudinal Kerr-effect h
teresis loop has revealed33 a manifold loop with insignificant
residual magnetization fortAu52.5 nm, inferring coexist-
ence of the so-called34,35 ‘‘bilinear’’ and ‘‘biquadratic’’ in-
terlayer coupling terms at this GMR maximum. However,
the second GMR maximum (tAu53.9 nm) there is a ferro-
magnetic Kerr-effect loop, that is characteristic of a rand
distribution of Co magnetic moments, resulting from ma

FIG. 6. Variation of the MR ratio@Rmax-R(Hs)#/R(Hs) as a function oftAu ,
with H applied in the film plane vertically~circles! and parallel~squares! to

the current flow direction. The variation of thed111(5d̄) spacings, deter-
mined from the position of the fundamental Bragg peak, is plotted aga
the fractional Au thickness:p5tAu /L.
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netically uncoupled layers. Thus, we may conclude t
abovetAu52.5 nm the magnetic coupling between adjac
Co layers is decreasing and the GMR effect is reduced
cause the spin-dependent scattering occurs9 from a smaller
number of neighboring Co regions with antiparallel alig
ment of magnetic moments. Surprisingly, the oscillatory
riod of 6 atomic Au planes in our Co/Au~111! MLs is the
same with that observed in Co/Cu~111! MLs1,13 where the
Co layer stacking is fcc.

For the @Co~1 nm!/Au~2.5 nm!#30 sample we show in
Fig. 7: at the bottom, the reduced magnetizationM /Ms iso-
thermal loop withH applied in plane~on the left! and per-
pendicular~on the right! to film plane; on top the transvers
field (H'I ) GMR loop withH lying in the film plane~on the
left! and the GMR loop withH perpendicular~on the right!
to the film plane. A comparison of the magnetic loop sha
and the large differences ofHs values, observed in the GMR
loops, indicates that the magnetization is lying in the fi
plane. The in-planeM /Ms versusH loop has the typical
shape of an antiferromagnetic material, implying that
magnetic moments between adjacent Co layers are
coupled. In addition, for the transverse field GMR loop t
drop in resistance is saturated atHs'30 Oe and leads to
changes in resistance per unit field~efficiency! of about
0.11%/Oe at room temperature~RT!. This efficiency is an
order of magnitude less than the 4%/Oe observed36 in aniso-
tropic magnetoresistance~AMR! films of Ni81Fe19 and the
1%/Oe observed in GMR Ni81Fe19/Au MLs.25 For the field
applied perpendicular to the film plane anHs'560 Oe is
observed that gives an efficiency of about 0.006%/Oe.
tAu,2.3 nm the longitudinal (Ri) and transverse (R') MR
curves are ascending and descending, respectively, by
creasing the magnetic field~Fig. 8!. The observed curves ar
typical of the AMR effect, arising from the ferromagnet
arrangement of adjacent magnetic moments36 in the MLs.

FIG. 7. Isothermal loops of the reduced magnetizationM /Ms with H ap-
plied parallel to the long axis~on the left! and perpendicular~on the right! to
the film plane. The transverse field (H'I ) GMR loop, with H lying in the
film plane~on the left!, and the GMR loop forH perpendicular to film plane
~on the right! are shown. All measurements concern t
@Co~1 nm!/Au~2.5 nm!#30 film.
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Note that the displayed values are not calculated with
usual formula for the AMR ratio5(Ri2R')/(Ri1R'), in
order to be comparable with the GMR ratios fortAu

.2.3 nm. The anisotropic MR variation withtAu exhibits a
similar behavior to that observed in@Co~0.3 nm!/Au(tAu#40

MLs,37 grown on glass substrates by electron-beam evap
tion, where a maximum AMR ratio appears fortAu

'0.6 nm in both cases. Figure 8~bottom! shows the ob-
served AMR curves for the transverse (I'H) and Fig. 8
~top! shows the longitudinal (I iH) configuration. Remark-
ably, a considerable change in the shape of the MR curv
observed fortAu51.5 and 1.0 nm, which fall in the Au thick
ness range where a perpendicular anisotropy is reported.37–39

For tAu,1 nm the strength of the magnetocrystalline anis
ropy is reduced and as a result AMR curves with low sa
ration fields are observed again.

Figure 9 shows the variation of the coercive fieldHc

~top! and the saturation fieldHs ~bottom! values, deduced
from the AMR and GMR curves with transverse in-pla
field geometry, as a function oftAu . At first, it is obvious
that the AMR ratios~Fig. 2, top! do not follow the variation
of the correspondingHc and Hs parameters fortAu<2 nm,
while for tAu.2 nm the GMR ratios follow the variation o
Hs and provide evidence for interlayer exchange coupl
among the Co layers. Second, there is an order of magni
change in theHc andHs peak values between thetAu regions
where either the AMR or the GMR effect is predominan
These two features indicate that:

~i! for tAu<2 nm the Co layer magnetic anisotropy
(}Hc) determines the rotation of magnetic moment
(}Hs) in the film plane; and

~ii ! for tAu.2 nm the Hs(;15– 30 Oe) and Hc

(;10 Oe) values are similar to those observed in TM/N
MLs, where the interlayer exchange coupling strength via
NM spacer layer determines the GMR properties1,25 while
the contribution from the magnetic layer anisotropy is ins
nificant. The smallHc values indicate that the Co layer an

FIG. 8. The observed AMR curves are shown for~bottom! the transverse
(I'H) and~top! longitudinal (I iH) field configuration. The Au layer thick-
ness values are indicated fortAu50.4 nm~3!, 0.6 nm~circles!, 1 nm ~short
dash!, 1.5 nm~solid line!, and 2 nm~1!.
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isotropy is rather isotropic~cubic! and not uniaxial, as in
structures with hexagonal or tetragonal symmetry. In ad
tion, the Hs values are much smaller relative to those o
served in Co/Cu and Co/Ag MLs.1 This is in agreement with
the observation that for 3d, 4d, and 5d noble metals the
interlayer exchange coupling strength decreases down
column in the periodic table.1,6,25 Thus, contrary to results
reported earlier for this system,6,15 our results show that in
sputtered Co/Au~111! MLs it is possible to achieve low in
plane switching fields and GMR curves with very sm
hysteresis.

IV. DISCUSSION AND CONCLUSIONS

In brief, our sputtered MLs present the following diffe
ences from the epitaxial trilayers:15

~i! The GMR maximum fortAu'1 nm, corresponding to
the first AF peak in exchange-coupled superlattices, is
achieved. Instead, only an AMR effect was observed
tAu,2 nm.

~ii ! For tAu.2 nm the obtained GMR maxima occu
with a mean oscillation period of 6 atomic Au planes, as
Co/Cu~111! multilayers.

~iii ! For tAu52.5 nm the coercive fieldHc , where the
GMR maximum value is observed, and the switching fie
Hs , where the GMR ratio approaches its lower value fro
both sides aroundHc , are 0.01 and60.03 kOe, respectively
Furthermore, in our multilayers the magnetization is lying
the film plane whereas in epitaxial trilayers15 the perpendicu-
lar anisotropy term is dominant. In comparison, the obser
values from the trilayers9,15 are Hc'0.5 kOe and Hs

FIG. 9. Variation of the coercive fieldHc and the saturation fieldHs values,
deduced from the AMR and GMR curves with transverse in-plane fi
geometry, as a function of the Au layer thicknesstAu .
i-
-

ch

l

ot
r

d

'60.05 kOe. This order of magnitude improvement ofHc

indicates that sputter grown Co/Au MLs can be conside
as possible candidates for use in GMR applications.

~iv! The maximum obtained GMR ratio of 3.1% is abo
1% higher than that observed in epitaxial trilayers.

The observed differences between epitaxial trilayers
multilayers and our sputtered films may be attributed
structural modifications in the stacking of the Co laye
Kinetically grown nanostructures of Co can be obtain
when the growth of the absorbate Co layer is determined
heterogeneous nucleation at intrinsic defects on the unde
ing Au layer or the substrate. These defects can be steps
vicinal surface40 or particular sites on a reconstructe
surface.41 It has been observed19 that at the close-packe
~111! surface of Au layers there are reconstructed doma
separated with two kinds of boundaries: step edges and
positions. Thus, it is found19 that during deposition of Co on
Au~111!, a hcp stacking is favored only when large Co
lands nucleate at the kink sites. Since in our case the
layer stacking is not hcp, it can be argued that the u
deposition conditions alter the Co coverage during growth
Co on Au~111! surfaces by changing the size of Co islan
nucleating at the Au step edges~fcc stacking! relative to
those formed at kink sites~hcp stacking!.

In summary, it is shown that magnetron-sputtered Co/
MLs with ~111! texturing exhibit a low-field GMR effect, for
tAu.2 nm, with small coercive and switching fields. Dep
sition of Co/Au MLs on SiNx buffer layers seems to enab
the development of a considerable fraction of faults in
stacking of Co along the growth direction. Indeed, spin ec
59Co nuclear magnetic resonance spectra,26 from the same
Co/Au films, exhibit a unique profile that cannot be assign
to any of the known crystalline or glassy Co structures. Th
the observed differences in magnetotransport proper
among the here examined Co/Au MLs and those reported
now, are attributed to the development of a specific mic
structure in the magnetic layers. The@Co~1 nm!/
Au~2.5 nm!#30 film exhibits a GMR ratio of 3.5% at RT with
Hs'30 Oe, leading to changes in resistance per unit fi
~efficiency! of about 0.11%/Oe.
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