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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 vacuuHV) 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 agreemeabvitititio
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 reduciiarconsequence of the interfacial mixjpngvhich
prevents, at room temperature only, the appearance of ferromagnetic bfi8g&63-182608)03208-1

[. INTRODUCTION ultrahigh vacuum(UHV) molecular beam evaporation and
by sputtering.

Thin films composed of alternating layers of magnetic and For this purpose, various investigation techniques have
nonmagnetic metals have found growing interest and a rangeeen used.>*Co nuclear magnetic resonan¢dMR) is a
of applications in the past ten yeérEor a large number of local probe of the short range structure and of the chemical
combinations of metals, an oscillatory ferromagnetic-environment around the Co atoms. X-ray diffraction gives
antiferromagnetid AF) indirect exchange coupling appears information about th_e crystalline quaIi_ty of the layers. Trans-
between the magnetic layers through the nonmagneticlayefnission electron microscopfTEM) gives complementary
and sometimes a giant magnetoresistaf@IR) effect  Information on the crystalline quality and on the size of the

which is not necessarily correlated to this exchange Coup”nqirystallite_zs.l The r;SEtiVité' in an external magnetic field ang
In particular, Fe/Cf, Co/Cu®® Co/Au Co/Ag® and Co/Ru ysteresis loopst and room temperature are measure
to check the impact of the structural differences on the am-

(Ref. 2 systems have been extensively studied. A large num-_. ; .
. . : plitude of the magnetoresistance, the AF exchange coupling,
ber of theoretical studies have been done in order to explai o R )
and the magnetization distribution at the interfaces.

the Ort'q['r? of 't:9: exctlhagge c%up!ltng n thes?hmultllayters. The To minimize the effect of the deterioration of the structure
recent tneoriesmostly describe it by using the quantum in- ¢ e samples when increasing the number of successive

terferences originating from the electron confinement in thqayersl3,l4 this paper is mostly devoted to the study of Co/
spacer layer and show the importance of the morphology Of{u/Co’ sandwiches.

the interfaces on the strength of the coupling and on its evo-
lution with the thickness of the spacer.

The Co/Ru system has been already studied by different Il. SAMPLE PREPARATION
authoré®!! and presents some interesting particularities.
The coupling appears to be very sensitive to the preparation
conditions and the GMR is always quite small, whereas
Campbell and Fel? predicted that the GMR should be high SubstrateRu buffen Cos yn\Ruk, N COg nm\ RUs pm-
in this system, on the basis of the resistivity change expected
from Ru impurities diluted in a Co matrix. For the sputtered samples, the substrate is silicon oxide

Since the magnetic and transport properties of Co/Rund the buffer is 5 nm thick. Thicker buffers do not give any
multilayers are very sensitive to the growth conditions, it isimprovement of the magnetic and resistivity properties. For
interesting to know if the main effect lies in the shape of thethe UHV grown samples, the substrate is mica and the buffer
interfaces or in the crystalline quality. Hence, the aim of thisis 15 nm thick[thickness necessary to have@01) single
work is to compare the structure, the magnetic and transpordrystal with a flat surface For both series, the thickness of
properties of samples with the same geometry, grown byhe spacertg,) varies from 0.4 to 3.6 nm.

The geometry of the samples is the following:
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Additional samples have been grown by both techniques: 3 ; T T " T
(i) multilayers for the x-ray diffraction studies, afid) single

Co layers(with identical substrates, buffers, and capping lay- [Co 24 A/Ru 12 A]x33 .
ers with various thicknesses in order to investigate the mag- | mica 1
netization reduction at the interfaces. SR n

The UHV evaporated samples were grdwmnder the
following conditions: the background pressure was better
than 10 % Torr, the single crystal and flat Ru buffer layer
was deposited onto the mica at a temperature of 875 K. After
cooling the substrate down to 270 K, Co and Ru layers were
grown. The deposition rate was about 0.005 nm per seconc 0
for both elements. The RHEEDeflection high energy elec-
tron diffraction patterns obtained during the growth show a
high crystalline quality with 80001 hcp orientation of the 1 . . L
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Co and Ru layers. The growth of Co onto the Ru buffer layer 18 20 n 24
follows a layer by layer mechanism for the first four Co (a) 0 (degree)

atomic layers. For thicker Co layers, nucleation of Co islands

appears on the surface. In contrast, it is from the beginning "7 meared imemsy s 2l i |22 '

of the Ru deposition that the atoms tend to agglomerate, by~ } ° jreemem= | |g 2 g Fé o

thermal diffusion driven by surface free energi®deading
to a 3D epitaxial growth. RHEED scans over the surface
show a large crystalline coherency of the surface.

The sputtering conditions were optimized to obtain a
GMR ratio as large as possible. Ru was deposited by R
sputtering and Co by RF magnetron sputtering, both with
argon as neutral gas. The base pressure was 316rr and
the Ar pressure 10° Torr. The samples are rotating on a
table and pass at each rotation in front of the sputtering tar-
get. The metals are thus only deposited on the substrate dur
ing a fraction of time. The resulting sputtering rates are
0.025 nm per second for Ru and 0.2 nm per second for Co. 3 40 ' 50
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Ill. DIFFRACTION STUDIES RESULTS
FIG. 1. X-ray diffraction spectra for the UHV-evaporated

It is well known that the crystalline structure and the in- multilayer: [ C0,4nRU2nn X 33) (@ and for the sputtered

terface morphology of the samples are very sensitive to thgqultnayer (€05 Rt 5 ol % 15) (b).

growth conditions and influence the electronic properties of o - )
the multilayers:”*® The aim of this section is to study in results are the following: interdiffusion extending over 2.5 to

detail the differences in crystallinity and interface quality 3 atomic planes at the interfaces, no detectable strain in the
between the UHV-grown and sputtered samples. The strudayers(each element has its bulk lattice parameters
ture inside the layers has been studied by x-ray diffraction The perpendicular coherence length was determined from
and TEM, and the interface morphology by zero field NMR.the full width at half maximum of th&SR, peak, using the
The study of the crystalline quality of the UHV-grown Scherrer law. It varies from 20 to 30 nm and indicates the
Co/Ru samples has been performed on a Philips high res@00d crystalline quality of the samples in the growth direc-
lution x-ray diffractometer with a parallel monochromatic fion as five to seven bilayers are coherent in average. The
CuKa, in reflection mode. All experiments were performed Width of the rocking curvesWgc) acrossSR, is related to
ex situat room temperature. The curvature of the mica andhe in-plane crystalline coherence length and to the mosaicity
the presence of steps impede small-angle reflectivity studie€f the single crystal. Since the value is close to that of the Ru
To improve the sensitivity, multilayers have been used. Figbuffer layer Wrc=1.6° for the buffer and 1.82Wgc
ure 1a) presents an x-ray diffraction spectrum for the =3.0° for the Co/Ru multilayer and since the Ru buffer
[C0y.4niRUL 2 nid X 33 multilayer. The very narrow and in- layer has a large coherence in the plahee can deduce that
tense peak afi=22.3° comes from the mica substrate. Thethe in-plane coherence length of the multilayers lies between

peak at #=21.08° corresponds to the Ru buffer layer 10 and 60 nm. Let us note thtzc is small compared to the
(dro00z=0.2141 nm. values obtained by other groups with different kinds of buff-

The main superlattice peak is index8®, and the satel- €rs deposited on substrates of the same matérialt means
lites areSR,_, andSR,_,. The presence of these satellites that our samples have a weak mosaicity and a good coher-

indicates the good quality of the superlattice periodicity in€nce in the plane. . _ _
the sampld®?° Their distance is related to the bilayer thick-  Fig. 1(b) presents an x-ray diffraction spectrum obtained
ness and from their intensities it is possible to obtain somét high angles on a[Co;nRUsnml X 15  sputtered
information on the interdiffusion at the interfacdsThe de- ~ Multilayer. The three peaks expected in a hcp powgr
tailed analysis of those spectra is given elsewh&féThe increasing angleE1010], [0002], and[1011]) are observed
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for the Ru buffer layer as well as for the CoRu average layer
(assuming Vegard's law for both andc parameters of the
hcp. Two comments have to be made about the line inten-
sities. First, in the case of a perfect powder, the relative
intensities of the different peaks are proportional to their
multiplicity (6, 2, and 12, respectivelySecond, if the Ru
buffer layer and the Co/Ru multilayer had the same texture
the ratio between the corresponding peaks of the two contri:
butions should be in the ratibcyr /I r,= 0.4, taking into
account their thickness and x-ray diffraction form factors.
Figure Xb) shows that none of the line sdimultilayer and
buffer layer line$ follows the relative intensities expected
for a powder diffraction spectrum and that the ratio between
the buffer layer lines and the multilayer lines is also different
from the 0.4 expected ratio. Hence we can conclude that thit
sample is slightly textured but with a different texture in the
Co/Ru layers and in the Ru buffer layer.

TEM observations have been performed in plane view
geometry(electron beam parallel to the growth directiam
a high resolution analytical electron microscope TOPCON
EMO002B with a 200 kV operating voltage. They confirm the (a)
good crystallinity of the UHV-grown sampléd. The

selected-area electron diffraction patteffgg. 2(@)] of the CoRn E)gg}
Co3 nmRW s nnlC03 nm Sandwich confirm the single crystal ep- Coma HS%}
itaxy: the Co and Ru layers have a hcp structure with a CoRg [111
[0001] growth direction. The double spots correspond to the CoRu {1013}
scattering of Co and Ru layers relaxed to their bulk crystal- e
line parameters. The other small peaks around@B60| and o {ggﬂ
— ORu i
[1011] ... -type peaks are due to double diffracticar- goﬁugga
ORu q
rows). CoRu [10.0]
A selected-area electron diffraction pattern of a sputterec CoRu [21.0]

C0o3 nmRY; 05 nnfC03 nm Sandwich is presented in Fig(® and
compared to the expected radii for the different Bragg peaks
of Ru and CoRyassuming a Vegard's law for bothandc).

It corresponds clearly to a polycrystal: it is composed of
rings instead of spots, which would be expected for a single-
crystal sampldFig. 2(@)]. The rings are nearly continuous,
indicating that the grain orientations are randomly distributed
in the plane of the sample. The most intense rings correspon ! 1 |

to in-plane[1011] and[1010] -type peaks of Ru showing cSscs=Zcg-SS8S8am

the presence of a slight texture in the sam(tiet different -4

from that of the multilayer measured by x-ray scatteying (b)

is not surprising to see predominantly the Ru contributions as

this sample is a bilayer with total thicknesses of CoRu and FIG. 2. Selected-area electron diffraction patterns of an UHV-

Ru equal to 7 nm and 10 nm, respectively, giving rise to aevaporated Co/Ru sandwich (£aRUy.g nnfC03 ) (8) and a sput-

ratio of 0.25 between the intensities of the peaks correspondered sandwich (G, RU o5 nnfC0snm) (D) (two printings of the

ing to CoRu and Ru. On the TEM plane view images, graingame pattem

with different orientations are observed with a typical size of

5-10 nm. to the Co atoms inside the Co layers. The frequency of this
To conclude, the x-ray and TEM studies have shown thatine is expected to lie between 225 and 228 MHz for a

the main difference between the two kinds of samples lies if000)) textured hcp sample with an in-plane magnetization

their crystallinity (texture, grain size, efc. and at 220 MHz for hcp Co with in-plane axes and mag-

netization, whereas its frequency is close to 217 MHz in fcc

samples.

Figure 3a) shows the NMR spectra of UHV-grown and
Zero field %°Co NMR has been performed at 4.2 K with a sputtered C ., RU; » nrC0O3 nm Sandwiches. The main line
broadband automated spectrometer. This technique is sensésonance frequency is 224 MHz for the UHV-grown sample
tive to the local symmetry and local chemical environment ofand 220 MHz for the sputtered one. Since 224 MHz is close

the probed aton{Co).}” Thus it gives an insight into the to the expected resonance frequency @®01) hcp Co, it
crystallographic structure of the Co layers and in the morconfirms the good hcp stacking quality of the UHV sample
phology of the Co/Ru interfaces. The main line correspondslready found by RHEED, x ray, and TEM. The 220 MHz

IV. NUCLEAR MAGNETIC RESONANCE RESULTS
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FIG. 4. Variation of the saturation magnetization per surface
unit (Mg.tco) as a function of the Co thickness for single Co layers
prepared by sputtering and UHV evaporation.
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four or five layers in the sputtered sample. The stronger mix-
ing observed for the latter can be explained by the fact that
L 50 the energy of the incident atoms is much larger in the case of
the sputtering technique and may cause backsputtering and
hence additional mixing.

From the contribution of each mixed atomic layer to the
total spectrum it is possible to compute the average hyperfine
field value of each layer, which provides an estimate of the
average magnetic moment per Co atom in each mixed
layer?® The hyperfine fieldmagnetizationprofiles, normal-
ized to the bulk hyperfine fiel(bulk magnetizatio)) are dis-
played as squares in Fig(l8. We find that the Co atoms in
atomic layers containing more than 60% of Ru are no longer
magnetic.

If we express the former concentration profiles in terms of
0 magnetic dead layers per interface, we find 0.16 nm and 0.21
2 3 4 5 6 7 8 9 nm, respectively. This can be compared to the amount of
(b) Monolayer number magnetic dead layers deduced from the plot of the saturation
magnetization versus the Co thickndg%g. 4): 0.2 nm and
0.25 nm per interface for the UHV-grown and sputtered
samples, respectively. Since the NMR spectra have been re-
corded at 4.2 K and the magnetization curves at room tem-

main line resonance frequency observed for the sputterdgrature, and taking into account the error bars, the results
sample can be explained on one hand by the absence Ofogtamed_ by both methods are in agreement. This I_ast point
well defined texture giving rise to a broad range of resonanc¥/ill be discussed in more detail in the section dealing with

frequencies, and on the other hand by the presence of staci!® influence of the magnetism of the mixed layers on the

ing faults that generate locally a fcc structure. Since the twOUPIing mechanism. _

effects give rise to contributions in the same frequency 1° conclude the structural comparison, one can say that

range, it is not possible to favor one origin over the other. tN€ main difference between the Co/Ru samples grown by
The low frequency tail of the spectra arises from Co at-UHVY and those grown by sputtering lies in the crystalline

oms with Ru atoms in their nearest neighbor sheile., Co structure. Whatever thg growth technique is, the Co/Ru in-

atoms in the interfaces. The diffuse interface model alread§erfaces are strongly mixeehore for the sputtered samples

described in Refs. 17 and 26 enables a fit of the spectra and!® impact of those differences on the coupling and on the

calculation of the Ru concentration profile in the interfacesMagnetoresistance will be described in the next section.

In Fig. 3(b) the layer number 2 corresponds to the pure Co

ator_nic layer in contact with .the first mixed one. The'p'rofiles V. MAGNETISM AND TRANSPORT:

in Fig. 3(b) show that there is a significant Co-Ru mixing at RESULTS AND DISCUSSION

the interfaces for both samples. It has to be noted that in the

case of such a large mixing, the shape of the interface spectra In this section we first describe briefly the experimental

is not affected by the texture of the sample. The observegrocedure, then we present the results and the discussion of

mixing is more important in the case of the sputtered samplethe measurements performed at room temperature. The last

it extends over three atomic layers in the UHV-grown part of this section will be devoted to the study of the mag-

sample(in good agreement with the x-ray resulend over netization temperature dependence in a sputtered sample
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FIG. 3. NMR spectra(a) of UHV-grown and sputtered
(Co3 niRU 2 1nCO3 ) Sandwiches and the corresponding concen-
tration profiles(b) across the interface, from pure Co to pure Ru.
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b7 :3 \.\ 5(b)] is close to the value measured in the equivalent evapo-
g SN rated sample. The small remaining difference can be ex-
g ol E : Voo ] plained by the experimental error bars. Hence both series
S I [ ‘\\ FAR AN have comparable magnetoresistances.
g : \b,’ \\ Q (b) The first remark which can be made about these results is
I \ \‘ that, as already reported in the literature, the GMR is surpris-
00 i ." , . \l \ ingly small notwithstanding the large spin diffusion asymme-
~0.0 0.5 1.0 15 2.0 25 3.0 try (0.22 expected for the Co/Ru systéfhAn equivalent
Spacer thickness (nm) comment can be made about the coupling strength. Indeed,

even if the observed coupling strength is much bigger than
that obtained for many other multilayer systems, it is still one
order of magnitude smaller than the theoretical vaili&a 4
erg/cn? compared to 36 erg/cfattg,=9 nm). Even if the

. ) ) o _possibility of an overestimate of the computed value cannot
with a thin Ru thickness. The resistivity was measured in de fu”y ruled out, it has to be noted that a recent Study,

magnetic field using the usual four-point probe method andimilar to the present one, on the Co/Rh system gave very
the GMR is defined as the ratio of the total resistivity change;jose agreement between the experimental and theoretical
AR to the resistivity at saturation fiel®. No anisotropic  coupling value$® Since the NMR study has shown that the
magnetoresistance effect has been observed. The strengthigferfaces are strongly mixed independent of the growth
the coupling is deduced from the saturation fietk) of the  technique (over three atomic layers for the UHV-grown
magnetization loops obtained with an alternating gradiensamples and five atomic layers for the sputtered samples
force magnetometetAGFM) or a vibrating sample magne- poth experimental observatioiweak GMR and weak cou-
tometer (VSM) on the basis of the simple relationlt  pling compared to the theoretical resilfimd their origin in

= —HgMstcd/2 for sandwiches, whertg, is the thickness of  the bad quality of the Co/Ru interfaces. Indeed, the mixed
one Co layer andM is the bulk Co magnetization. region will affect the transport properties as well as the cou-
pling strength. First the GMR effect is strongly reduced due
to the strong mixing and the related magnetization reduction
of the Co atoms at the Co/Ru interfaces, as described by the
The Ru thickness dependence of the coupling strength andMR hyperfine field profile, will strongly enhance the rate
of the magnetoresistance is displayed in Figa) &nd §b),  of spin-flip scattering® Second, the effect of the interface
respectively. As expected, the shape of the curves dependsffusion on the value of the coupling strength can be ex-
on the growth conditions. The UHV-grown samples exhibit aplained in the framework of the theory describing the inter-
minimum in the coupling strength at 0.7 nfand corre- layer exchange coupling in terms of quantum interferences
spondingly a GMR minimum whereas the sputtered due to electronic confinement in the spacer laydte
samples show broad coupling and GMR maxima with lesstrength of the coupling is thus related to the reflection am-
defined structures. On average, the coupling strength is sigitudes for electron scattering at the interfaces between the
nificantly bigger in the UHV-grown samples than in the sput-spacer layers and the magnetic lay&€rén extended inter-
tered samples. In contrast, the GMR ratios seem to be largéace reduces the confinement and hence weakens the cou-
for the sputtered samples but the latter where grown with gling. Moreover, the presence of a significant number of in-
Ru buffer layer of 5 nm instead of 15 nm for the UHV termixed layers at the interfaces gives rise to a progressive
samples. In order to compare accurately the GMR values adecrease of the magnetization from the Co layer to the Ru
the two series, an extra sample has been sputtered with a 1&yer. Thus, the polarization of the conduction electrons
nm buffer thickness andgz,=0.5 nm. The GMR signal within the spacer layer is reduced, which reduces the cou-
(0.15%) measured in this samglne diamond dot in Fig. pling. This interfacial mixing is intrinsic to this system as

FIG. 5. Variations of the exchange couplitg and of the GMR
(b) as a function of the Ru spacer thicknesg) at room tempera-
ture, for the UHV-grown and sputtered samples.

A. Room-temperature results
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FIG. 7. SQUID magnetization loops on the sputtered sandwich having a thin spacer layesRG 0 at 4.2, 100, 200, and
300 K.

due to the total miscibility of Co and Ru over the whole and, as a consequence, are very sensitive to the structural
concentration rang& and will appear with any growth tech- quality of the samples. Hence, in the sputtered samples the
nique. Attempting to grow these multilayers at lower coupling is laterally even more inhomogeneous and the
temperaturé® epitaxial growth was no longer obtained. smoothing tendency, already mentioned for the UHV
Thus, it seems impossible to get a strong GMR effect and aamples, is enhanced.
larger coupling strength in the Co/Ru system, unless the in- The last comment about the room-temperature magne-
terface quality is significantly improved. totransport measurements concerns the thickness below
Compared to the UHV-grown samples, the couplingwhich the AF coupling disappears and becomes ferromag-
strength of the sputtered samples is even smaller. Our knowhetic. Indeed, whereas tl initio calculationd’ predict that
edge about the coupling mechanisms is not thorough enoughe coupling should be AF and maximum for the thinnest
to distinguish whether it originates from the extra interfacialspacer(one monolayer experimentally, because of rough-
mixing observed in those samples compared to the UH\hess, the exchange coupling is always ferromagnetic below
samples or from the absence of a well defined texture. some critical thickness. For the samples studied here, the
A more detailed analysis of the shape of the couplingcoupling maxima are obtained for the same Ru thickii@ss
curves adds more information about the coupling mechaam), which is slightly larger than the values reported by
nism. For both types of samples, there is an antiferromagether author§0.4 nm(Ref. 11 and 0.3 nm(Ref. 2]. The
netic coupling(and a GMR signalfor tg, ranging from 0.4 homogeneity of the coupling, even at such small Ru thick-
to 1.2 nm, with a local AF coupling minimum fdk,=0.7  ness, is still very good since their room-temperature magne-
nm for the UHV-prepared samples. Tk initio calculations  tization loops do not present any remanence even for the
done by Stoeffler and Gautféipredict a ferromagnetic cou- thinnest spacergabout two atomic layejs Several studies
pling when the spacer is three atomic layers thick. Experihave shown the presence of large remanence for very thin
mentally, there is no ferromagnetic coupling but only a re-spacer layergabout two atomic layejsand have attributed
duced AF coupling because of the intermixing between Cdhis remanence to the presence of bridges between ferromag-
and Ru: the thickness of the spacer is not uniform in a scalaeetic layers. In our case the absence of the remanence at 0.5
below the lateral magnetic coherence length of the Co layersm Ru spacer layer at room temperature is the signature of a
and the average coupling is on the AF side. The observatiogood homogeneity of the coupling. Furthermore, the magne-
of the AF minimum at 0.7 nm, in agreement with the theo-tization loop of the sample having a 0.6-nm-thick spacer pre-
retical prediction of a ferromagnetic coupling, has been possents a perfect linear increase of the magnetization before
sible only because of the good crystallographic quality of thesaturation(Fig. 6), showing that the coupling is laterally ho-
samples. In opposition, the sputtered samples do not presemogeneous at a scale larger than the magnetic coherence
such a reduction of the coupling for 0.7 nfonly a slight  length of the Co layer¥ If we assume that the Co and Ru
reduction of the GMR is observidbecause of their poly- are intermixed, as determined by the NMR measurements,
crystalline nature. Indeed several autdPhave shown that this sample with a 0.6 nm nominal thickness of spacer layer
the strength and phase of the coupling depend on the growtthould not have any pure Ru atomic layer left, and the
direction and therefore on the geometry of the Fermi surfacatomic layer richest in Ru should be still weakly magnetic.
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Hence if we rely on the hyperfine fielgnagnetizationpro-  magnetic bridge to appear between the Co layers. This set of

file, this sample should be ferromagnetic. results explains the persistence, at room temperature, of an
AF coupling without any remanence for spacer thickness
B. Temperature dependence of the magnetization down to 0.5 nm in the sputtered sandwiches.

Temperature-dependent SQUID magnetometry have been
performed on the sputtered sandwich having the thinnest
spacer layer and the strongest AF  coupling VI. CONCLUSION

(Co3nmRW 5 nilCO3 nm) 10 explain the apparent inconsistency

between the magnetization measurements and the concentm\-the literature about the Co/Ru multilayers. We confirm the
tion and magnetization profiles determined by NMR. The

magnetization curves obtained at 4.2, 100, 200, and 300 I?ma” G.MR m_agnitude and SquESt that it is mainly due to
are presented in the Fig. 7. It can be observed that the reméﬂterfac'6lI mixing. The AF cogpllng hgs been shown to be
nence increases progressively with decreasing temperatuf§"Y Sensitive to the crystaliine quality. Indeed, only the
(see the insgt This can only be explained by an enhance-S@mples grown by UHV evaporation present coupling oscil-
ment of the magnetism of the interfaces causing the appeal@lions in agreement wittab initio calculations. A more
ance of ferromagnetic bridges between the Co layers. Thigriginal result is obtained by the temperature-dependent
confirms the accuracy of the magnetization prof”es determagnet|zat|0n measurements: the same interfacial mixing, at
mined by NMR at 4.2 K and shows that the layers which arethe origin of the small GMR, prevents, for low Ru thickness
still weakly magnetic at 4.2 K become nonmagnetic at roonind at room temperature, the appearance of ferromagnetic
temperature. Hence at room temperature, there is still a nofpridges between the Co layers. However, the detailed influ-
magnetic spacer in this sample. In other words, the effectivence of the interfacial mixing on the coupling strength is still
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This study sheds some light on the discrepancies noticed
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