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Influence of the growth technique on the coupling and magnetoresistance of Co/Ru sandwiches
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A comparative study of the structure and magnetotransport properties of Co/Ru sandwiches grown by
evaporation in ultrahigh vacuum~UHV! and by plasma sputtering is reported. The crystalline structure of both
types of samples has been studied by x-ray diffraction and transmission electron microscopy and the interfacial
morphology by nuclear magnetic resonance. The comparison shows that the main structural difference comes
from the crystalline quality: the evaporated samples are single crystals whereas the sputtered samples are
polycrystalline and not textured. This difference in structure has no significant effect on the magnetoresistance,
which is small for both growth techniques and is attributed to the strong interfacial mixing observed in both
cases. The crystalline quality has a stronger effect on the exchange coupling. Indeed, its strength is more than
a factor of 2 larger in the UHV samples than in the sputtered ones. Moreover, we observe that the shape of the
room-temperature coupling oscillations obtained with the UHV samples is in good agreement withab initio
calculations. This indicates that the coupling is very homogeneous in those samples. Surprisingly the agree-
ment is still good at low Ru thicknesses where ferromagnetic bridges are usually observed. This has been
studied in more detail by temperature-dependent magnetometry. It shows that the absence of ferromagnetic
bridges is due to the interfacial magnetization reduction~a consequence of the interfacial mixing!, which
prevents, at room temperature only, the appearance of ferromagnetic bridges.@S0163-1829~98!03208-1#
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I. INTRODUCTION

Thin films composed of alternating layers of magnetic a
nonmagnetic metals have found growing interest and a ra
of applications in the past ten years.1 For a large number o
combinations of metals, an oscillatory ferromagnet
antiferromagnetic~AF! indirect exchange coupling appea
between the magnetic layers through the nonmagnetic la2

and sometimes a giant magnetoresistance~GMR! effect3

which is not necessarily correlated to this exchange coupl
In particular, Fe/Cr,4 Co/Cu,5,6 Co/Au,7 Co/Ag,8 and Co/Ru
~Ref. 2! systems have been extensively studied. A large nu
ber of theoretical studies have been done in order to exp
the origin of the exchange coupling in these multilayers. T
recent theories9 mostly describe it by using the quantum i
terferences originating from the electron confinement in
spacer layer and show the importance of the morpholog
the interfaces on the strength of the coupling and on its e
lution with the thickness of the spacer.

The Co/Ru system has been already studied by diffe
authors2,10,11 and presents some interesting particulariti
The coupling appears to be very sensitive to the prepara
conditions and the GMR is always quite small, where
Campbell and Fert12 predicted that the GMR should be hig
in this system, on the basis of the resistivity change expe
from Ru impurities diluted in a Co matrix.

Since the magnetic and transport properties of Co
multilayers are very sensitive to the growth conditions, it
interesting to know if the main effect lies in the shape of t
interfaces or in the crystalline quality. Hence, the aim of t
work is to compare the structure, the magnetic and trans
properties of samples with the same geometry, grown
570163-1829/98/57~8!/4842~7!/$15.00
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ultrahigh vacuum~UHV! molecular beam evaporation an
by sputtering.

For this purpose, various investigation techniques h
been used.59Co nuclear magnetic resonance~NMR! is a
local probe of the short range structure and of the chem
environment around the Co atoms. X-ray diffraction giv
information about the crystalline quality of the layers. Tran
mission electron microscopy~TEM! gives complementary
information on the crystalline quality and on the size of t
crystallites. The resistivity in an external magnetic field a
hysteresis loops at 4 K and room temperature are measur
to check the impact of the structural differences on the a
plitude of the magnetoresistance, the AF exchange coup
and the magnetization distribution at the interfaces.

To minimize the effect of the deterioration of the structu
of the samples when increasing the number of succes
layers,13,14 this paper is mostly devoted to the study of C
Ru/Co sandwiches.

II. SAMPLE PREPARATION

The geometry of the samples is the following:

Substrate\Ru buffer\Co3 nm\RutRu
\Co3 nm\Ru5 nm.

For the sputtered samples, the substrate is silicon ox
and the buffer is 5 nm thick. Thicker buffers do not give a
improvement of the magnetic and resistivity properties. F
the UHV grown samples, the substrate is mica and the bu
is 15 nm thick@thickness necessary to have a~0001! single
crystal with a flat surface#. For both series, the thickness o
the spacer (tRu) varies from 0.4 to 3.6 nm.
4842 © 1998 The American Physical Society



e

y
ag

tte
r
ft
e
o
-
a

ye
o
d
in
, b

c

a
R
it

a
ta
d
r

C

n-
th
o

n
ity
ru
io
R
n
es
ic
d
n
ie
ig
e

-
he
er

es
in

k-
m

to
the

rom

the
c-
The

icity
Ru

r
t
een

ff-

her-

ed

d
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Additional samples have been grown by both techniqu
~i! multilayers for the x-ray diffraction studies, and~ii ! single
Co layers~with identical substrates, buffers, and capping la
ers! with various thicknesses in order to investigate the m
netization reduction at the interfaces.

The UHV evaporated samples were grown15 under the
following conditions: the background pressure was be
than 10210 Torr, the single crystal and flat Ru buffer laye
was deposited onto the mica at a temperature of 875 K. A
cooling the substrate down to 270 K, Co and Ru layers w
grown. The deposition rate was about 0.005 nm per sec
for both elements. The RHEED~reflection high energy elec
tron diffraction! patterns obtained during the growth show
high crystalline quality with a~0001! hcp orientation of the
Co and Ru layers. The growth of Co onto the Ru buffer la
follows a layer by layer mechanism for the first four C
atomic layers. For thicker Co layers, nucleation of Co islan
appears on the surface. In contrast, it is from the beginn
of the Ru deposition that the atoms tend to agglomerate
thermal diffusion driven by surface free energies,16 leading
to a 3D epitaxial growth. RHEED scans over the surfa
show a large crystalline coherency of the surface.

The sputtering conditions were optimized to obtain
GMR ratio as large as possible. Ru was deposited by
sputtering and Co by RF magnetron sputtering, both w
argon as neutral gas. The base pressure was 3.1027 Torr and
the Ar pressure 1022 Torr. The samples are rotating on
table and pass at each rotation in front of the sputtering
get. The metals are thus only deposited on the substrate
ing a fraction of time. The resulting sputtering rates a
0.025 nm per second for Ru and 0.2 nm per second for

III. DIFFRACTION STUDIES RESULTS

It is well known that the crystalline structure and the i
terface morphology of the samples are very sensitive to
growth conditions and influence the electronic properties
the multilayers.17,18 The aim of this section is to study i
detail the differences in crystallinity and interface qual
between the UHV-grown and sputtered samples. The st
ture inside the layers has been studied by x-ray diffract
and TEM, and the interface morphology by zero field NM

The study of the crystalline quality of the UHV-grow
Co/Ru samples has been performed on a Philips high r
lution x-ray diffractometer with a parallel monochromat
CuKa1 in reflection mode. All experiments were performe
ex situat room temperature. The curvature of the mica a
the presence of steps impede small-angle reflectivity stud
To improve the sensitivity, multilayers have been used. F
ure 1~a! presents an x-ray diffraction spectrum for th
@Co2.4 nmRu1.2 nm#333 multilayer. The very narrow and in
tense peak atu522.3° comes from the mica substrate. T
peak at u521.08° corresponds to the Ru buffer lay
(d@0002#50.2141 nm!.

The main superlattice peak is indexedSRn and the satel-
lites areSRn22 andSRn21. The presence of these satellit
indicates the good quality of the superlattice periodicity
the sample.19,20 Their distance is related to the bilayer thic
ness and from their intensities it is possible to obtain so
information on the interdiffusion at the interfaces.21 The de-
tailed analysis of those spectra is given elsewhere.14,22 The
s:
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results are the following: interdiffusion extending over 2.5
3 atomic planes at the interfaces, no detectable strain in
layers~each element has its bulk lattice parameters!.

The perpendicular coherence length was determined f
the full width at half maximum of theSRn peak, using the
Scherrer law. It varies from 20 to 30 nm and indicates
good crystalline quality of the samples in the growth dire
tion as five to seven bilayers are coherent in average.
width of the rocking curves (WRC) acrossSRn is related to
the in-plane crystalline coherence length and to the mosa
of the single crystal. Since the value is close to that of the
buffer layer (WRC51.6° for the buffer and 1.8°<WRC
<3.0° for the Co/Ru multilayer!, and since the Ru buffe
layer has a large coherence in the plane,23 we can deduce tha
the in-plane coherence length of the multilayers lies betw
10 and 60 nm. Let us note thatWRC is small compared to the
values obtained by other groups with different kinds of bu
ers deposited on substrates of the same material.24,25It means
that our samples have a weak mosaicity and a good co
ence in the plane.

Fig. 1~b! presents an x-ray diffraction spectrum obtain
at high angles on a @Co3 nmRu0.5 nm#315 sputtered
multilayer. The three peaks expected in a hcp powder~by
increasing angles@101̄0#, @0002#, and@101̄1#! are observed

FIG. 1. X-ray diffraction spectra for the UHV-evaporate
multilayer (@Co2.4 nmRu1.2 nm#333) ~a! and for the sputtered
multilayer (@Co3 nmRu0.5 nm#315) ~b!.
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4844 57S. ZOLL et al.
for the Ru buffer layer as well as for the CoRu average la
~assuming Vegard’s law for botha andc parameters of the
hcp!. Two comments have to be made about the line int
sities. First, in the case of a perfect powder, the relat
intensities of the different peaks are proportional to th
multiplicity ~6, 2, and 12, respectively!. Second, if the Ru
buffer layer and the Co/Ru multilayer had the same textu
the ratio between the corresponding peaks of the two co
butions should be in the ratioI CoRu/I Ru50.4, taking into
account their thickness and x-ray diffraction form facto
Figure 1~b! shows that none of the line sets~multilayer and
buffer layer lines! follows the relative intensities expecte
for a powder diffraction spectrum and that the ratio betwe
the buffer layer lines and the multilayer lines is also differe
from the 0.4 expected ratio. Hence we can conclude that
sample is slightly textured but with a different texture in t
Co/Ru layers and in the Ru buffer layer.

TEM observations have been performed in plane vi
geometry~electron beam parallel to the growth direction! on
a high resolution analytical electron microscope TOPCO
EM002B with a 200 kV operating voltage. They confirm th
good crystallinity of the UHV-grown samples.23 The
selected-area electron diffraction patterns@Fig. 2~a!# of the
Co3 nmRu2.8 nmCo3 nm sandwich confirm the single crystal ep
itaxy: the Co and Ru layers have a hcp structure with
@0001# growth direction. The double spots correspond to
scattering of Co and Ru layers relaxed to their bulk crys
line parameters. The other small peaks around the@0000# and

@101̄1# . . . -type peaks are due to double diffraction~ar-
rows!.

A selected-area electron diffraction pattern of a sputte
Co3 nmRu1.05 nmCo3 nm sandwich is presented in Fig. 2~b! and
compared to the expected radii for the different Bragg pe
of Ru and CoRu~assuming a Vegard’s law for botha andc).
It corresponds clearly to a polycrystal: it is composed
rings instead of spots, which would be expected for a sing
crystal sample@Fig. 2~a!#. The rings are nearly continuou
indicating that the grain orientations are randomly distribu
in the plane of the sample. The most intense rings corresp
to in-plane@101̄1# and @101̄0# -type peaks of Ru showing
the presence of a slight texture in the sample~but different
from that of the multilayer measured by x-ray scattering!. It
is not surprising to see predominantly the Ru contributions
this sample is a bilayer with total thicknesses of CoRu a
Ru equal to 7 nm and 10 nm, respectively, giving rise to
ratio of 0.25 between the intensities of the peaks correspo
ing to CoRu and Ru. On the TEM plane view images, gra
with different orientations are observed with a typical size
5–10 nm.

To conclude, the x-ray and TEM studies have shown t
the main difference between the two kinds of samples lie
their crystallinity ~texture, grain size, etc.!.

IV. NUCLEAR MAGNETIC RESONANCE RESULTS

Zero field 59Co NMR has been performed at 4.2 K with
broadband automated spectrometer. This technique is s
tive to the local symmetry and local chemical environment
the probed atom~Co!.17 Thus it gives an insight into the
crystallographic structure of the Co layers and in the m
phology of the Co/Ru interfaces. The main line correspo
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to the Co atoms inside the Co layers. The frequency of
line is expected to lie between 225 and 228 MHz for
~0001! textured hcp sample with an in-plane magnetizat
and at 220 MHz for hcp Co with in-planec axes and mag-
netization, whereas its frequency is close to 217 MHz in
samples.

Figure 3~a! shows the NMR spectra of UHV-grown an
sputtered Co3 nmRu1.2 nmCo3 nm sandwiches. The main line
resonance frequency is 224 MHz for the UHV-grown sam
and 220 MHz for the sputtered one. Since 224 MHz is clo
to the expected resonance frequency for~0001! hcp Co, it
confirms the good hcp stacking quality of the UHV samp
already found by RHEED, x ray, and TEM. The 220 MH

FIG. 2. Selected-area electron diffraction patterns of an UH
evaporated Co/Ru sandwich (Co3 nmRu2.8 nmCo3 nm) ~a! and a sput-
tered sandwich (Co3 nmRu1.05 nmCo3 nm) ~b! ~two printings of the
same pattern!.
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57 4845INFLUENCE OF THE GROWTH TECHNIQUE ON THE . . .
main line resonance frequency observed for the sputte
sample can be explained on one hand by the absence
well defined texture giving rise to a broad range of resona
frequencies, and on the other hand by the presence of s
ing faults that generate locally a fcc structure. Since the
effects give rise to contributions in the same frequen
range, it is not possible to favor one origin over the othe

The low frequency tail of the spectra arises from Co
oms with Ru atoms in their nearest neighbor shell,17 i.e., Co
atoms in the interfaces. The diffuse interface model alre
described in Refs. 17 and 26 enables a fit of the spectra
calculation of the Ru concentration profile in the interfac
In Fig. 3~b! the layer number 2 corresponds to the pure
atomic layer in contact with the first mixed one. The profil
in Fig. 3~b! show that there is a significant Co-Ru mixing
the interfaces for both samples. It has to be noted that in
case of such a large mixing, the shape of the interface spe
is not affected by the texture of the sample. The obser
mixing is more important in the case of the sputtered sam
it extends over three atomic layers in the UHV-grow
sample~in good agreement with the x-ray results! and over

FIG. 3. NMR spectra ~a! of UHV-grown and sputtered
(Co3 nmRu1.2 nmCo3 nm) sandwiches and the corresponding conc
tration profiles~b! across the interface, from pure Co to pure Ru
ed
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four or five layers in the sputtered sample. The stronger m
ing observed for the latter can be explained by the fact t
the energy of the incident atoms is much larger in the cas
the sputtering technique and may cause backsputtering
hence additional mixing.

From the contribution of each mixed atomic layer to t
total spectrum it is possible to compute the average hyper
field value of each layer, which provides an estimate of
average magnetic moment per Co atom in each mi
layer.26 The hyperfine field~magnetization! profiles, normal-
ized to the bulk hyperfine field~bulk magnetization!, are dis-
played as squares in Fig. 3~b!. We find that the Co atoms in
atomic layers containing more than 60% of Ru are no lon
magnetic.

If we express the former concentration profiles in terms
magnetic dead layers per interface, we find 0.16 nm and 0
nm, respectively. This can be compared to the amoun
magnetic dead layers deduced from the plot of the satura
magnetization versus the Co thickness~Fig. 4!: 0.2 nm and
0.25 nm per interface for the UHV-grown and sputter
samples, respectively. Since the NMR spectra have been
corded at 4.2 K and the magnetization curves at room te
perature, and taking into account the error bars, the res
obtained by both methods are in agreement. This last p
will be discussed in more detail in the section dealing w
the influence of the magnetism of the mixed layers on
coupling mechanism.

To conclude the structural comparison, one can say
the main difference between the Co/Ru samples grown
UHV and those grown by sputtering lies in the crystalli
structure. Whatever the growth technique is, the Co/Ru
terfaces are strongly mixed~more for the sputtered samples!.
The impact of those differences on the coupling and on
magnetoresistance will be described in the next section.

V. MAGNETISM AND TRANSPORT:
RESULTS AND DISCUSSION

In this section we first describe briefly the experimen
procedure, then we present the results and the discussio
the measurements performed at room temperature. The
part of this section will be devoted to the study of the ma
netization temperature dependence in a sputtered sa

-

FIG. 4. Variation of the saturation magnetization per surfa
unit (MS .tCo) as a function of the Co thickness for single Co laye
prepared by sputtering and UHV evaporation.
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4846 57S. ZOLL et al.
with a thin Ru thickness. The resistivity was measured i
magnetic field using the usual four-point probe method a
the GMR is defined as the ratio of the total resistivity chan
DR to the resistivity at saturation fieldR. No anisotropic
magnetoresistance effect has been observed. The streng
the coupling is deduced from the saturation field (HS) of the
magnetization loops obtained with an alternating gradi
force magnetometer~AGFM! or a vibrating sample magne
tometer ~VSM! on the basis of the simple relation:J
52HSMStCo/2 for sandwiches, wheretCo is the thickness of
one Co layer andMS is the bulk Co magnetization.

A. Room-temperature results

The Ru thickness dependence of the coupling strength
of the magnetoresistance is displayed in Figs. 5~a! and 5~b!,
respectively. As expected, the shape of the curves dep
on the growth conditions. The UHV-grown samples exhib
minimum in the coupling strength at 0.7 nm~and corre-
spondingly a GMR minimum!, whereas the sputtere
samples show broad coupling and GMR maxima with l
defined structures. On average, the coupling strength is
nificantly bigger in the UHV-grown samples than in the sp
tered samples. In contrast, the GMR ratios seem to be la
for the sputtered samples but the latter where grown wit
Ru buffer layer of 5 nm instead of 15 nm for the UH
samples. In order to compare accurately the GMR value
the two series, an extra sample has been sputtered with
nm buffer thickness andtRu50.5 nm. The GMR signa
(0.15%) measured in this sample@the diamond dot in Fig.

FIG. 5. Variations of the exchange coupling~a! and of the GMR
~b! as a function of the Ru spacer thickness (tRu) at room tempera-
ture, for the UHV-grown and sputtered samples.
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5~b!# is close to the value measured in the equivalent eva
rated sample. The small remaining difference can be
plained by the experimental error bars. Hence both se
have comparable magnetoresistances.

The first remark which can be made about these resul
that, as already reported in the literature, the GMR is surp
ingly small notwithstanding the large spin diffusion asymm
try ~0.22! expected for the Co/Ru system.12 An equivalent
comment can be made about the coupling strength. Ind
even if the observed coupling strength is much bigger th
that obtained for many other multilayer systems, it is still o
order of magnitude smaller than the theoretical values27 ~2.4
erg/cm2 compared to 36 erg/cm2 at tRu59 nm!. Even if the
possibility of an overestimate of the computed value can
be fully ruled out, it has to be noted that a recent stu
similar to the present one, on the Co/Rh system gave v
close agreement between the experimental and theore
coupling values.28 Since the NMR study has shown that th
interfaces are strongly mixed independent of the grow
technique ~over three atomic layers for the UHV-grow
samples and five atomic layers for the sputtered samp!,
both experimental observations~weak GMR and weak cou
pling compared to the theoretical results! find their origin in
the bad quality of the Co/Ru interfaces. Indeed, the mix
region will affect the transport properties as well as the c
pling strength. First the GMR effect is strongly reduced d
to the strong mixing and the related magnetization reduc
of the Co atoms at the Co/Ru interfaces, as described by
NMR hyperfine field profile, will strongly enhance the ra
of spin-flip scattering.29 Second, the effect of the interfac
diffusion on the value of the coupling strength can be e
plained in the framework of the theory describing the int
layer exchange coupling in terms of quantum interferen
due to electronic confinement in the spacer layer.9 The
strength of the coupling is thus related to the reflection a
plitudes for electron scattering at the interfaces between
spacer layers and the magnetic layers.30 An extended inter-
face reduces the confinement and hence weakens the
pling. Moreover, the presence of a significant number of
termixed layers at the interfaces gives rise to a progres
decrease of the magnetization from the Co layer to the
layer. Thus, the polarization of the conduction electro
within the spacer layer is reduced, which reduces the c
pling. This interfacial mixing is intrinsic to this system a

FIG. 6. Magnetization loop of the sputtered sandwich havin
0.6-nm-thick Ru spacer layer.
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FIG. 7. SQUID magnetization loops on the sputtered sandwich having a thin spacer layer (Co3 nmRu0.5 nmCo3 nm) at 4.2, 100, 200, and
300 K.
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due to the total miscibility of Co and Ru over the who
concentration range31 and will appear with any growth tech
nique. Attempting to grow these multilayers at low
temperature,15 epitaxial growth was no longer obtaine
Thus, it seems impossible to get a strong GMR effect an
larger coupling strength in the Co/Ru system, unless the
terface quality is significantly improved.

Compared to the UHV-grown samples, the coupli
strength of the sputtered samples is even smaller. Our kn
edge about the coupling mechanisms is not thorough eno
to distinguish whether it originates from the extra interfac
mixing observed in those samples compared to the U
samples or from the absence of a well defined texture.

A more detailed analysis of the shape of the coupl
curves adds more information about the coupling mec
nism. For both types of samples, there is an antiferrom
netic coupling~and a GMR signal! for tRu ranging from 0.4
to 1.2 nm, with a local AF coupling minimum fortRu50.7
nm for the UHV-prepared samples. Theab initio calculations
done by Stoeffler and Gautier27 predict a ferromagnetic cou
pling when the spacer is three atomic layers thick. Exp
mentally, there is no ferromagnetic coupling but only a
duced AF coupling because of the intermixing between
and Ru: the thickness of the spacer is not uniform in a sc
below the lateral magnetic coherence length of the Co lay
and the average coupling is on the AF side. The observa
of the AF minimum at 0.7 nm, in agreement with the the
retical prediction of a ferromagnetic coupling, has been p
sible only because of the good crystallographic quality of
samples. In opposition, the sputtered samples do not pre
such a reduction of the coupling for 0.7 nm~only a slight
reduction of the GMR is observed!, because of their poly-
crystalline nature. Indeed several authors9,30 have shown that
the strength and phase of the coupling depend on the gro
direction and therefore on the geometry of the Fermi surf
a
n-

l-
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and, as a consequence, are very sensitive to the struc
quality of the samples. Hence, in the sputtered samples
coupling is laterally even more inhomogeneous and
smoothing tendency, already mentioned for the UH
samples, is enhanced.

The last comment about the room-temperature mag
totransport measurements concerns the thickness b
which the AF coupling disappears and becomes ferrom
netic. Indeed, whereas theab initio calculations27 predict that
the coupling should be AF and maximum for the thinne
spacer~one monolayer!, experimentally, because of rough
ness, the exchange coupling is always ferromagnetic be
some critical thickness. For the samples studied here,
coupling maxima are obtained for the same Ru thickness~0.5
nm!, which is slightly larger than the values reported
other authors@0.4 nm ~Ref. 11! and 0.3 nm~Ref. 2!#. The
homogeneity of the coupling, even at such small Ru thi
ness, is still very good since their room-temperature mag
tization loops do not present any remanence even for
thinnest spacers~about two atomic layers!. Several studies
have shown the presence of large remanence for very
spacer layers~about two atomic layers! and have attributed
this remanence to the presence of bridges between ferrom
netic layers. In our case the absence of the remanence a
nm Ru spacer layer at room temperature is the signature
good homogeneity of the coupling. Furthermore, the mag
tization loop of the sample having a 0.6-nm-thick spacer p
sents a perfect linear increase of the magnetization be
saturation~Fig. 6!, showing that the coupling is laterally ho
mogeneous at a scale larger than the magnetic coher
length of the Co layers.32 If we assume that the Co and R
are intermixed, as determined by the NMR measureme
this sample with a 0.6 nm nominal thickness of spacer la
should not have any pure Ru atomic layer left, and
atomic layer richest in Ru should be still weakly magnet
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Hence if we rely on the hyperfine field~magnetization! pro-
file, this sample should be ferromagnetic.

B. Temperature dependence of the magnetization

Temperature-dependent SQUID magnetometry have b
performed on the sputtered sandwich having the thinn
spacer layer and the strongest AF coupli
(Co3 nmRu0.5 nmCo3 nm) to explain the apparent inconsistenc
between the magnetization measurements and the conce
tion and magnetization profiles determined by NMR. T
magnetization curves obtained at 4.2, 100, 200, and 30
are presented in the Fig. 7. It can be observed that the re
nence increases progressively with decreasing tempera
~see the inset!. This can only be explained by an enhanc
ment of the magnetism of the interfaces causing the app
ance of ferromagnetic bridges between the Co layers. T
confirms the accuracy of the magnetization profiles de
mined by NMR at 4.2 K and shows that the layers which a
still weakly magnetic at 4.2 K become nonmagnetic at ro
temperature. Hence at room temperature, there is still a n
magnetic spacer in this sample. In other words, the effec
nonferromagnetic spacer is larger~about two atomic layers!
at room temperature than at 4.2 K and prevents any fe
,
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ar-
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magnetic bridge to appear between the Co layers. This se
results explains the persistence, at room temperature, o
AF coupling without any remanence for spacer thickne
down to 0.5 nm in the sputtered sandwiches.

VI. CONCLUSION

This study sheds some light on the discrepancies noti
in the literature about the Co/Ru multilayers. We confirm t
small GMR magnitude and suggest that it is mainly due
interfacial mixing. The AF coupling has been shown to
very sensitive to the crystalline quality. Indeed, only th
samples grown by UHV evaporation present coupling os
lations in agreement withab initio calculations. A more
original result is obtained by the temperature-depend
magnetization measurements: the same interfacial mixing
the origin of the small GMR, prevents, for low Ru thickne
and at room temperature, the appearance of ferromagn
bridges between the Co layers. However, the detailed in
ence of the interfacial mixing on the coupling strength is s
not clearly understood. Further studies on samples with c
trolled interfacial mixing are in progress.
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26Y. Henry, C. Mény, A. Dinia, and P. Panissod, Phys. Rev. B47,
15 037~1993!.

27D. Stoeffler and F. Gautier, J. Magn. Magn. Mater.140-144, 529
~1995!.

28S. Zoll, A. Dinia, M. Gester, D. Stoeffler, J. P. Jay, and K. Oun
adjela, Europhys. Lett.39, 323 ~1997!.

29A. Dinia and K. Ounadjela, J. Magn. Magn. Mater.146, 66
~1995!.

30M. D. Stiles, Phys. Rev. B48, 7238~1993!.
31T. B. Massalski, inBinary Alloy Phase Diagrams, 2nd ed.

~American Society of Metals, Metals Park, OH, 1990!, Vol. 2.
32S. Zoll, H. A. M. Van den Berg, J. P. Jay, C. Meny, P. Panissod

D. Stoeffler, A. Dinia, and K. Ounadjela, J. Magn. Magn. Mater
156, 231 ~1996!.


