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A study of the structure, transport, and magnetic properties of Co/lr sandwiches prepared by ion-beam
sputtering is presented. Oscillations of giant magnetoresist@@®R) and coupling strength versus the Ir
thickness are observed. In the spin-valve-type sandwich, at low Ir spacer thickness a shift is observed between
GMR and coupling oscillations. This is due to the presence of a magnetig, F&0g 50/ CUsnm buffer, which
has an important contribution to the spin dependent scattering, and also to the nature of the indirect exchange
coupling. The maximum GMR and coupling strength are about 3%-ahd7 erg/crf, respectively. The most
interesting result concerns the nature of the indirect exchange coupling as shown by the NMR analysis. This
coupling is homogeneous, and consistent with a biquadratic coupling, instead of the usually observed antifer-
romagnetic coupling. This is further supported by low-temperature magnetization measurements and TEM
investigations, which show that the deposited layers are laterally continuous and free of bridges for 0.5-nm Ir
spacer layer.

[. INTRODUCTION edge, on the presence of the AF coupling in Co/lr sand-
wiches. Moreover, Yanagiharat al® have recently evi-
Since the discovery of exchange coupling between adjadenced the presence of a second order, biquadratic, coupling
cent ferromagnetic layers through nonmagnetic spageng ~On @ 100-period Co/lr multilayer prepared by molecular

tilayers give rise to a high saturation field and, sometimes, t|,ctuationst? or pinholes in the spacer lay&rFurthermore,

a high magnetoresistance. However, large saturation fieldge evidence of this effect was based, in most of these re-
are not suitable for read heads and sensors applications. Jorts, on magnetization curves simulations.

overcome this drawback, van den Bezgal® have devel- The aim of this paper is to show the presence of an indi-
oped a different generation of angular sensors, showing EeCt exchange coupling in ion beam sputtered Co/lr sand-
good performance, in particular for angle and position detec?Viches, which exhibits a biquadratic and homogeneous ex-
tion systems. In these hard-soft sensors, the strongly antife hange coupling feature. The paper is organized as follows.

. L he description of the preparation method and the advantage
romagnetically coupled sandwich is used to replace the MaG the stack design are presented in Sec. Il. In Sec. lll, room-

netic hard Ia_yer, and is called arFificiaI a”tife”omag”etictemperature GMR and magnetization curves are discussed
(AAF) sandwich. Therefore the achievement of a perfect anand indicate a possible existence of a biquadratic coupling.
tiferromagnetic coupling in a sandwich stack is very impor-This biquadratic coupling is consistent with the NMR mea-
tant for angular sensors. To study this indirect exchange cotsurementgSec. IV). NMR also provides some information
pling, a large number of combinations of metals has beembout the concentration profile at the interfaces. Moreover,
used, giving rise to systems with oscillatory antiferromag-an investigation by x-ray diffractiotXRD) and TEM of the
netic coupling and different coupling strength values.structure, grain size, and interdiffusion between Co and Ir at
Among these systems, Co/Ru and Co/Rh were found téhe Co/Ir interface is also presented. Finally, in Sec. V simu-
present very strong-coupling strength, in particular theations of the Iow—tem_perature magnetization curves are re-
Co/Rh system, which showed the strongest AF couplingoorted and analyzed in terms of biquadratic coupling.
strength ever observed in sandwiches or multilafefsom

the electronic point of view, the Ir spacer was expected to
give large AF coupling values. This has been recently con-
firmed on Co/lr multilayers prepared using different growth  Two types of samples have been prepared. First, a series
techniques® However, there is no report, to our knowl- of Cos,m/Iry/Cos,m sandwiches was deposited in order to

Il. SAMPLE ARCHITECTURE AND EXPERIMENTAL
METHOD
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analyze the variation of GMR and coupling strength with the 35
thickness of the Ir spacer layer. Second, due to the small i
thickness of the sandwiches, &Co0s5m/Irgsmliox 30 " m- MR,
multilayer was prepared to investigate the structure of the L —o— Coupling strength
layers and the morphology of the Col/lr interfaces.

All samples were deposited at room temperature on a
glass substrate covered by askg/Caysym/ClUs,m buffer g
layer. A Cpm/Cronm Capping layer was used to cover the &
samples and protect them against oxidation. Since the mag-
netic and transport properties of the sandwiches are strongly [
dependent on the morphology of the magnetic/nonmagnetic i ..
interfaces, an important effort was made to optimize the sur- 1ol2t— . o+ .+ . o+ . 1 . 1 . 1 lgg
face quality and the structure of these layers. The growth 02 04 06 05 10 12 14 16
deposition rates and the thickness of the buffer and capping Ir thickness (nm)

layers were varied in order to improve, as much as possible, . .
Y P P FIG. 1. Magnetoresistanddull square$ and coupling strength

the magnetic and transport properttés.The buffer . .

Fe,11/COy 51/ Cllsn, Presents the advantage to reduce the(open _C|rcle$ versus Ir spacer thickness of a £:@/1rxnm/C0znm
: . sandwich deposited on a &g,/C0y.sm/Clsny, buffer layer. The

surface roughness of the whole stack. Moreover, its magnetig .4 2nd dotted lines are only a guide for the eye

nature gives a contribution to the GMR signal and, as a con- '

sequence, an increase in the total GMR is expected. Thus the .

GMR signal results from two contributions: the first one caried outat 1.5 K on a Gam/Iro.sm/Cosnm sandwich and

coming from the AAF Co/lr/Co sandwich and the second® [COssm/Ifommliox multilayer, using a broadband auto-

one, called spin-valve GMR, which results from the interac-mated spectrometer. Measurements have been taken as a

tion between the Fe/Co soft buffer layer and the AAF hardunction of the applied radio frequencyRF) field H,

layer. As the buffer layer is decoupled from the sandwichStrength, at frequencies between 50 and 250 MHz. A three-

this hard soft system is ideal for magnetic sengors. dimensional3D) surface,- intensity as a function of both fre-

All samples were prepared by ion-beam sputtefiigs)  duency and H stren_gth, is then obtained. The advantagca_ of
technique using a two grid Kaufmatfrion source. The base this method is to wsugllze the structurall |r'1homogene|t'|e.,-s,
pressure was about510~° mbars. The Af ions are inci- along the frequency axis, and the magnetic inhomogeneities,
dent on the sputter target at 400 V with an angle of 45° andlong the rf field axis. .
the beam current was around 5 mA. The growth of the de- Finally, transmission electron microscopyEM) obser-
posited films was monitored by a vibrating quartz crystalvations were carried out using a Topcon EM002B standard
oscillator, which is placed close to the substrates. The growtflicroscope, which operates up to 200 kV with a point to

deposition rates were typically 0.75 nm/min for Co, 0.5 nm/Point resolution of 0.18 nm. Specimens were prepared using
min for Ir. 0.65 nm/min for Fe. and 1.7 nm/min for Cu. standard technique of mechanical thinning combined with Ar

The magnetoresistance of the samples was measured J8n-béam etching.
ing a low-frequency ac lock-in technique, with a conven-

[ Fe/Co, /Cu /Co,/Ir /Co,/Cu /Cr,

L
e
-

—_
25
S
o

20

Jp (erg/cmz)

tional four in line gold-plated contact€CIP “current in- 11l. MAGNETIC AND TRANSPORT PROPERTIES
plane” configuration. At room temperature, the _
measurements were performed up to 17 kOe applied mag- A. Sandwiches

netic field, both parallel and perpendicular to the in-plane  To study the magnetic and transport properties, a series of
current direction, in order to detect any anisotropic magnesymmetrical sandwiches with a variable Ir thickness has been
toresistance contribution. prepared. The deposited stack presents the following struc-
The magnetization measurements were carried out usingre: F&nm/C% gm! Clanm! COsnm/ I v/ CO3nm! Clipnm/
an alternating gradient force magnetometeGFM) (Ref. ¢y, = Oscillations of GMR and exchange coupling strength
15 and a superconducting quantum interference devicgs |r spacer thickneSshave been observed and reported in
(SQUID) magnetometer, respectively, for room-temperaturerig. 1. As clearly seen, the first maximum in the GMR and
and low-temperature measurements. In both cases, the mage exchange coupling do not occur at the same Ir spacer
netic field was applied in the plane of the film and reachingayer thickness. The first maximum of the coupling strength
a maximum of, respectively, 13 kO&GFM) and 50 kOe  ang of the GMR appear at, respectively, 0.5 and 0.3 nm of Ir.
(SQUID). The AGFM measurements have been performedtrom the theoretical point of view, the coupling strength
with the magnetic field parallel to a reference direction andspoylid present a maximum for one monolayer spacer
also at several angles with respect to this direction. Since thgickness” but experimentally this is hard to achieve, be-
magnetization curves are superimposed, we deduced that g se of the easy mixing of the Co and Ir at the Collr inter-
have no uniaxial anisotropy. _ _ faces. Below a certain Ir thickness, bridges appear across the
The x-ray measurements were performed using a SiemeRgacer and the direct coupling between the two Co layers
powder diffractometerd/26 scans were carried out using a fayors the ferromagnetitFM) coupling, instead of the anti-
parallel monochromatic Co-K radiation. Small-angle x-ray  ferromagnetic(AF) coupling, lowering the intensity of the
diffraction was used to check the superlattice period lengtlindirect exchange coupling.
and the superlattice quality. We will try now to understand the origin of the shift be-
Nuclear magnetic resonan¢lMR) measurements were tween the GMR and the coupling strength oscillations. It is
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FIG. 2. Room-temperature magnetoresistafi@ current in- FIG. 3. Room-temperature magnetoresistafi@ current in-

plane configuration and magnetization (b) curves of a plane configuratioh and magnetization (b) curves of a
CO3nm/1rg :nm/COsnm Sandwich. The magnetic applied field was Coznm/Irgsm/Cosnm sandwich. The magnetic applied field was
parallel to the film plane. The dotted arrows correspond to the magparallel to the film plane. The dotted arrows correspond to the mag-
netization of the buffer, while the full arrows correspond to the netization of the buffer, while the full arrows correspond to the
magnetization of the two Co layers of the trilayer. magnetization of the two Co layers of the trilayer.

important to note first that this effect is observed due to theCo layers are antiparallel and contained in the film plane, at
presence of the soft magnetic Fe/Co layers in the buffer. Thigero field. After reversing the applied magnetic field, the
adds an interesting contribution to the spin-dependent scathagnetization vector of the soft buffer layers should rotate
tering mechanism. Thus we have to examine carefully thdy 180°, from the parallel to the antiparallel configuration
magnetization and the GMR curves for ferromagnetic andor vice versa with respect to the next Co magnetization
antiferromagnetic sandwiches. vector. In this situation the bottom Co layer of the sandwich
For very thin Ir spacer layers, the coupling is ferromag-will be antiparallel to both the top Co layer and the detection
netic as shown in Fig. 2 for the Gg,/Irg 2,m/C0s3,m Sand-  one. In addition, if we consider that the resistance of the
wich. Therefore, the contribution to the GMR comes mainlysample does not change significantly with the deposition of
from the spin-dependent scattering due to the different orian additional Ir monolaye(0.5-nm Ir compared to 0.3 nm
entations of the soft magnetic buffer layers, with respect tdor the ferromagnetically coupled sandwijchhis situation
the magnetization of the whole Co/Ir/Co sandwich. This isleads to a spin-valve GMR contribution, which is slightly
similar to a hard/soft structure, where the Fe/Co layer in thdower than the previous one, in the ferromagnetic sandwich.
buffer and the Co/Ir/Co sandwich are, respectively, the sofffhus, adding to this signal, the GMR contribution due to the
and the hard layers. As shown in Fig. 2 using arrows, afteAAF Co/lr/Co sandwich, the total GMR signal in the anti-
reversing the magnetic field, the magnetization vector of théerromagnetic sandwich should be close, or slightly higher,
soft buffer is switched from the parallel configuration, with to the GMR in the ferromagnetic sandwich. Surprisingly, this
respect to the magnetization vectors of the Co layers in thé in contradiction with what is experimentally observed. In-
sandwich, to the antiparallel configuration. Such a 180° rodeed, the GMR value of the Eg,/C0ysm/Clsnm/
tation will give rise to the maximum GMR that can be ob- Coz,m/Irg sm/COs3nm Stack, corresponding to the first maxi-
tained, which is about 3%. mum in the coupling oscillation, reported in Fig. 3 is lower
Increasing the thickness of the Ir spacer layer, the exby 40% than the GMR value obtained for the ferromagneti-
change coupling is increased to reach its maximum aroundally coupled sandwich.
0.5-nm Ir spacer layer. If we suppose in this case that the A reduction up to 15% in the GMR amplitude for the
coupling between the Co layers through Ir is perfect andstrongly exchange coupled Co/lr/Co sandwich can, however,
antiferromagnetic,the magnetization vectors of the adjacentbe explained if the indirect exchange coupling has a biqua-
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dratic nature. This can be calculated using the following 10° pr . ™Y
expressiont®?® MR~ 1(1—cosé), where# is the angle be- i
tween the moment of the bottom Co layer of the sandwich ;
and the moment of the Fe/Co layer of the buffer. For the 104;r
ferromagnetic0.3 nm of Iy and the biquadrati¢0.5 nm of i
Ir) coupling, 6 is, respectively, 180° and 135°. Moreover, a E
reduction up to 50% can also be explained considering both's 192
the presence of biquadratic coupling and simultaneous rota-g i
tion of the buffer and sandwich magnetizations. The simul- & E
taneous rotation of the buffer and the sandwich net moments 10°F
is more likely to occur in the case of the sandwich with i
0.5-nm Ir than in the sandwich with 0.3-nm Ir. Indeed, simu- ] :
lations of the magnetization have shown that with a given ot ]
anisotropy, the coercive field is sensitively reduced by the
presence of a small biquadratic coupling, compared to the 20 angle
case without coupling. Therefore the coercive fields of the
sandwich and the buffer layers are close to each other. Fur- FIG. 4. Low angle x-ray-diffraction pattern spectra for a
thermore, the absence of a plateau and of a maximum at zek§0%.sm/Ifommli0« Multilayer recorded at room temperature using
field in the magnetoresistance curve indicate that there is nfie Cu radiation witth,, =0.154 nm.
well defined antiferromagnetic state. In addition, around zer%
field, the variation of the resistivity against the magnetic field™” . D .
follows a steep variation, instead of a parabolic one, as e lained by t_he strong contribuiion to the GMR coming from
. . . .the magnetic Fe/Co buffer.
pected for a perfect antiferromagnetic coupling. On the basis
of the above analysis we can conclude that the presence of
biguadratic coupling qualitatively explains the GMR results.
Therefore we have to look carefully to the magnetization In order to study the properties of the Col/lr stack itself,
curve for the same sandwich, reported in Fig. 3, in order tanagnetization and resistivity measurements were performed
have a more precise idea on the nature of the exchange coalso on the Cos s,/ 1rg.snml10x Multilayer, where the influ-
pling. The figure shows a steep increase of the magnetizatiognce of the buffer layer is largely reduced. If the magnetiza-
up to about 0.7 times its saturation value, followed by a slowtion loop does not differ much from the one of the sandwich
uptake to the saturation. This high remanence is more impoith the same Ir thickness, the GMR curve is, however, dif-
tant than the one expected from the Fe/Co detection |ayefprent due to the strong decrease of the buffer contribution.
and cannot be attributed to errors in the layers thicknes§he GMR ratio for this multilayer is of 0.5%, which is four
eva|uation. The existence Of a non_neg|igib|e difference beIimeS |eSS than the SandWiCh Value, but St|” Iarger than the
tween the expected and the measured remanence value c¥alue obtained for Co/lr multilayers deposited by the same
however, be explained by the presence of a biquadratic exBS (Ref. 5 technique on a Fe/lr buffer. This demonstrates
change coupling. again the importance of the nature of the buffer layers on the
To have an idea on the exchange coupling strength, caRroperties of our samples. The shape of the GMR loop of the
culations have been done using the formutal=Hg- (Mg multilayer is. very close to those _of sar_ld\./viches,. bl_Jt poth of
—Myg)-tco/2, whereHs is the saturation fieldMr and Mg them are still fay from a parabolic variation. This mdma}es
the remanent and, respectively, the saturation magnetizatidhat the magnetic and transport properties of the sandwiches
andtc, the thickness of one Co layer. The maximum cou-and multilayers are similar. _
pling strength is obtained for 0.5-nm Ir thickness and corre- The GMR and magnetization curves analysis developed
sponds to 0.54 erg/cmThis value is certainly overestimated @Pove gives a qualitative indication of the existence of a
since it corresponds to a linear variation of the magnetizatioiduadratic coupling in our sandwiches. However, since the
until the saturation. This is far from our magnetization curve Structure and the morphology of the interfaces of thin films
showing a large remanence and a strong curvature below tr@d multilayers® have a strong influence on the exchange
saturation. On one hand such a shape of the magnetizati&®Upling and on the GMR, a detailed structural study of our
loop could result from an inhomogeneity of the magneticsamp!e§ is therefore very important to unc_ierstand the physi-
anisotropy within the layers, and/or a large scale lateral inc@l origin of the magnetotransport properties.
homogeneity of the coupling strength between the layers. On
the other hand such a shape is also expected in the case ofv. STRUCTURE AND INTERFACE INVESTIGATIONS
biguadratic coupling. However, the GMR observations
guoted above and the NMR results that will be presented
later favor the last hypothesis. Nevertheless, our values are Due to the small thickness of the layers, x-ray diffraction
smaller than the values reported on Co/Ir multilaygtsnd  does not allow us to see any diffraction peak for a sandwich
evidences the difficulty to obtain sandwich stack with a highstack. For this reason, x-ray-diffraction measurements have
and perfect indirect exchange coupling. However, the GMRbeen performed on BCO; 5,/ 170 snml10x Multilayer, in or-
value of this sandwich is about 2%, which is seven timeder to obtain information on the quality of the interfaces. All
larger than the one measured on Co/Ir multilayers depositethe diffraction patterns were obtained with the scattering vec-

/Cu,/Cr,

0.5]10X

Fe/Co, /Cu,/[Co, /Ir

y the same techniqué.3%).° This can, however, be ex-

B. Multilayers

A. XRD measurements
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FIG. 6. NMR spectrgnormalized to the sample total interface
surface areaof a[ Cos 50/ 1M snml10x Multilayer (solid line) and of
. . . . a Coyym/1Ir1nm/ Cosnm Sandwich(dotted ling. The width at the half
FIG. 5. NMR signal intensity as a function of frequency and rf maximum of the main lines and the tails of both spectra are identi-

field as observed in BCO; ym/Iosml10< Multilayer. The narrow cal, which reflects similar structures and similar Co/Ir interfaces.
distribution of the rf field evidences the presence of an homoge-

neous coupling. Insets show the oscillations of the magnetization
vectors of the two adjacent Co layers, which correspond to the tw@resent samples, whereas largely inhomogeneous samples
vibration modes. The “scaled rf field” is the actual rf field value would exhibit a much flatter distribution over several orders
multiplied, for convenience, by an instrumental factor such that theof magnitude of the field strengtsee Fig. 10 of Ref 2)01923
restoring field is read directly as the “scaled rf field” value for the This shows that all the electronic moments magnetize coher-
maximum signal. The curves along this axis reflect coarsely thegnﬂ% over the whole stack in low field, as expected for a
restoring field distributiort! homogeneous ferromagnet. However, the experimental
curves exhibit also an upturn for the largest values of the
tor perpendicular to the film plane. Figure 4 shows the smallexcitation field, close to the maximum available on the spec-
angle x-ray-diffraction spectrum. The presence of the Braggrometer. This shows the existence of a second oscillation
peaks and the Kiessig fringes is an indication of a smalinode of the electronic moments in large fields. The exis-
range roughness of the interfaces quality, with a well definedence of two oscillation modes, with very different restoring
periodicity. From the Bragg peaks, we determine the supeffie|ds, is indeed possible if a biquadratic coupling exists be-
lattice period, which gives rise to an average value of 4.2ween the two adjacent Co layers. In the first vibration mode,
0.1 nm. This is in good agreement with the nominal onefor low values of the rf field, the Co moments of the two
(A=4 nm). layers oscillate in phase, keeping constant the 90° angle be-
tween them, and the measured restoring field corresponds to
B. NMR measurements the magnetic anisotropy only. In the second mode, the mo-

In order to understand the origin of the observed inter_ments of the two layers oscillate in phase opposition, and the

layer exchange coupling and its nature, NMR measuremen{neasured restoring field arises from both the magnetic an-

|§otr0py and the exchange coupling.
were performed at low temperature o0 sm/Io.sml10x Although they are related, these two modes should not be
multilayer and on a CQ,/Irg.5nm/C03nm Sandwich. The

. ... confused with the “symmetric’ and “antisymmetric”
spectra were recorded for different values of the excitation, o peonved by ferromagnetic resonafidéR) in anti-
radio-frequencyrf) field, a method which allows us to mea-

th toring fieldanisot and/or exchange figld ferromagnetic materials. Owing to the low excitation fre-
sure the restoring Tieldaniso ropyo X ge quency the electronic spins are far from resonance and they
acting on the magnetic momerits’

follow adiabatically the external NMR rf field: from the
nucleus viewpoint the electronic spins are essentially nutat-
ing. A direct consequence is that the “symmetric” mode is
The observed NMR intensity vs frequendy) @nd rf field  not observed in a purely antiferromagnetic system because
(H,) for the multilayer is presented in Fig. 5 as a 3D surfacethe in-phase mutation of the electronic moments cannot be
In such a picture, the intensity distribution along the fre-excited by the rf field in the absence of a net magnetization.
qguency axis reflects the structure of the Co layer and it©nly the “antisymmetric” mode, corresponding to the trans-
interfaces, whereas the intensity distribution along the rf fieldverse susceptibility of the antiferromagnet, can be observed.
axis reflects the distribution of the restorifmpupling and/or  The situation is, of course, different in case of noncollinear
anisotropy field (H,.s). In the raw NMR data, the restoring coupling where the net electronic moment is driven in oscil-
field distribution is convoluted with the nuclear-spin re- lation by the rf field.
sponse to the rf field, which leads to an intrinsic, “natural”  The NMR spectra, corrected for enhancement fagtdr??
width. Within this resolution, a single peak is observed in theof the [ Cos 5,m/Irgsnml10x Multilayer, is reported in Fig. 6.

1. Multilayers
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100 T . i
- I«q\.\ . 2. Sandwiches '
= '\,\ It is already known that the roughness of the interfaces
£ 80 ) can increase, or decrease, with increasing the number of de-
2 = posited layers, and consequently differences between sand-
S el D £ wiches and multilayers can occur. To verify this hypothesis
8 [ Fre Co £ and to give consistency to our study, another NMR spectra
g wl § has be_en r_eco_rded for a ggllrlnmlc%nm sandwich(th_e
b § dotted line in Fig. &. In this figure the spectra are normalized
& [ O Hyperfine field ] e to the total interface surface area of the sample. With such a
Eg_ 20 ;_'_C°°°“°e“""“°“ 120 © normalization the NMR spectra of samples with identical
= i Fe/Co, /Cu /[Co, /Ir ]  /Cu/Cr, interface_s will be superimp'osed. Erom the comparison with
P S S S S ST SR S S RPN P the multilayer spectrum, interesting observations can be
2 4 6 8 10 2 14 made(i) first, the main resonance line appears at the same
Monolayer number frequency(219 MH2), and presents the same width at the

half maximum as the multilayer one, which indicates that the
structure is exactly the same with a large amount of stacking
faults; (ii) second, the low-frequency tails of the two spectra
are absolutely identical, which proves the similar character
The hyperfine field K4¢), the concentration profile at the of interfaces for both samples. The shape of the signal com-
interfaces and the structure of the bulk Co layer have beeilg from interfaces is the same in both structures, which
deduced. Generally, an NMR spectrum of a Xaystem, means that Co/lr interfaces have the same interdiffusion de-
presents a main peak, which corresponds to the bulk Co laygree in sandwiches and in multilayers. Thus the roughness
ers, while the low-frequency tail corresponds to the Co atdoes not change with increasing the number of deposited
oms from the grain boundaries and from interfaces, whicHayers as will be also confirmed by the TEM observations.
have different chemical environment. The frequency of bulkTherefore the structural results found for a multilayer apply
Co atoms is expected to be around 226 MHz fd@01) hcp  as well as for a sandwich. Moreover, at low frequencies,
sample with an in-plane magnetization and at 220 MHz forthere are no peaks coming from the Co/Cu interfaces even if
hcp Co with the magnetization along tlieaxis. The fre-  in the sandwich their impact on the total signal is much more
quency for fcc Co is expected at 217 MHz. important than in the case of the multilayer. This means that

In our case the NMR spectrum of the multilayer present€Co/Cu interfaces are interdiffused and gives only a small
a main resonance line at 219 MHz. This cannot be attributegignal over a large frequency range. The Co/Cu interfaces are
to hcp Co with the magnetization along thexis since the strongly intermixed almost as Co/Ir ones, this being a par-
magnetization measurements have clearly evidenced that tiigularity of our deposition technique. Nevertheless, Pétsat
magnetization lies in the film plane. Therefore this resonanc@btained using classic sputtering, abrupt Co/Cu interfaces
frequency is intermediate between the NMR frequency of thavith almost zero magnetic dead layer. This is another evi-
fcc and the hep structures, which means that there in no weflence on the correlation between the deposition technique
defined structure. Moreover, the width at the half maximumand the physical properties of the samples.
of this resonance line is large, which can be explained by the NMR results have shown a strong interdiffusion at the
presence of stacking faults. The simulation has allowed us t&0/Ir interfaces, which extends over more than five mono-
extract the amount of stacking faults, which is around 48%layers. This interdiffusion is probably at the origin of the
This is a clear evidence of the absence of a defined structurbiquadratic coupling as supported by NMR analysis, in
On the other hand, the concentration profile of the Co atomegreement with Slonczewski’s loose spin moffeHe at-
at the interfaces is presented in Fig. 7. As expected, the Co/fributes this effect to the magnetic atoms at the interfaces,
interface is strongly interdiffused and it extends over fivewhich are weakly exchange coupled to the rest of the ferro-
monolayers. Moreover, the concentration of Co atoms in thenagnetic parts and give rise to a 90° coupling.
middle of the Ir spacer is about 30%, and consequently there
is no pure Ir atomic plane in the whole stack.

From the contribution of each mixed atomic layer to the
total spectrum, it is possible to compute the average hyper- Cross section and plan view TEM measurements were
fine field value of each layer, which provides an estimate ofperformed on both[Cozg,m/Ifgsimliox  Multilayer and
the average magnetic moment per Co atom in each mixe@03,m/Irgsm/COznm Sandwich. In this way the local struc-
layer*®24 The magnetization profile normalized to the bulk ture, the grain size, and the quality of the interfaces were
magnetization is presented in Fig. 7. Co atoms located in thdirectly investigated for both samples.
middle of the Ir spacer lose up to 60% of their magnetic Figure 8 shows a cross section image of the two samples.
moment, and if we express the profile in terms of magneticThe contrast is strong between Co and Ir, mainly due to the
dead layer, 0.14 nm of Co are nonmagnetic at each Co/llarge difference between their atomic numbers. In contrast,
interface. This value is much smaller than the value reporte€o, Cu, Fe, and Cr have closer atomic numbers and cannot
by Dinia® (0.4 nm/interfacg in the case of Co/Ir multilayers be well distinguished and therefore the capping and the
deposited on a Fe/Ir buffer. This is a proof of the importancebuffer appear without contrast. However, the period of the
of the nature of buffer layer and of the growth conditions onmultilayer can be precisely measured, giving the value of
the interface morphology. about 3.8-0.2 nm. This is in good agreement with the nomi-

FIG. 7. Concentration and hyperfine field profile of Co atoms
across an 0.5-nm Ir spacer layer for the;Ge/Ir1nm/C03nm Sand-
wich.

C. TEM measurements
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Buffer Fe/Co/Cu —> ﬁ v

FIG. 8. High-resolution bright-field cross-section TEM images
of a [Co3gm/Irgsimliox Multilayer (8) and (c), and of a
Co3nm/170.50m/ CO3nm Sandwich(b). The Ir layers(dark bands ap- J
pear thicker than 0.5 nm, due to the large interdiffusion at the Co/Ir #
interfaces. The inset dt) presents a diffraction image of the cross
section. The most intense spots come from th&l) diffraction
planes and correspond to a direction which make 45° with the
growth direction.

nal value(4 nm). The Ir layers appear to be continuous but
their thickness is larger than the nominal value 0.5 nm. This
is due to the strong interdiffusion at the Co/Ir interfe€ess
shown by NMR interface profiléFig. 7). From the contrast
analysis between Co and Ir, the Ir layers and the Col/Ir inter-
faces do not present lateral oscillations and the interfaces
roughness do not increase with increasing the number of the

FIG. 10. Dark-field images of BCOz 5,m/Ir0.5nml10x Multilayer
(@ and Ca,m/Irg 5ym/Cos,m Sandwich(b). The grains are small,
randomly oriented and superposed, which explains the irregular

shape of the borders and their diffused contrast.
(31D, (103)c,

(150 (100) (111 (110} (002, (110), periods. 'I_'his_is in agreement with the NMR observation _that
B the coupling is homogeneous and free of lateral fluctuations.
A magnification of a high-resolution cross section
g 220 (XHREM) image of the multilayer shows that there is no
220)ce (110)c, coherence between the grains structure alongthgis. The
average coherence length along #hexis is small and does
not exceed 8 nnmimaximum two periods A selected area
diffraction pattern(SAD pattern was also taken in this re-
gion and presented in the inset of Fig. 8. The SAD patterns
present two types of spots, coming from the superlattice and
the atomic planes. The spots along the growth direction are
extremely weak and correspond to tti220 diffraction

(111)gq: (002)c, (101)c, (110, planes. Dark fieldDF) images taken under these conditions
200)... give a similar size of grains as the values extracted from the
XHREM images. The most intense spots come from the
(220, (110, (111 planes with the diffraction vector lying at 45° from the
(103), 211),, 211, -
growth direction.
| (20 O 20 The plan view diffraction pattern@ig. 9) present a series

of continuous rings, which are characteristic of polycrystal-
line samples. This evidences the presence of a well defined
FIG. 9. Diffraction image of & C0s gm/Ifommliox Multilayer  crystallographic structure in the grains for both the sandwich
(@) and a C@nm/I7o.5m/ COsnm SaNdwich(b). The small black circle  @nd the multilayer. These rings are mainly due to the hcp and
in the region of the most intense diffraction ririg) indicates the ~fcc Co phases. However, the diffraction rings of the Ir are

region, where the dark field images were taken. Thé& @Gulicates ~ Only observed in the case of the multilayer, mainly due to the
the fcc phase of Co. larger thickness of Ir, giving rise to a larger diffracted signal.
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FIG. 11. SQUID magnetization loops §€0; 5,m/Irg snml10x Multilayer recorded at 5, 70, 140, 240, and 295&—(e)]. (f) presents the
curve from(a) without the buffer contributiorfsolid line) and the simulation curve with a trilayer modelotted ling.

V. LOW-TEMPERATURE MAGNETIZATION
MEASUREMENTS AND SIMULATIONS

The dark field images$Fig. 10 were taken in the region
of the most intense ring of the plan view diffraction patterns

(Fig. 9). ThIS ring is actually the result of the superposition Temperature-dependent SQUID magnetometry have been
of many rings coming from fcc and hcp Co, Cr, Ir, and Fe, . .
performed on the samgCO; 5ym/Irgsnmliox Multilayer, in

which means that the grains presented in Fig. 10 will O rder to give another experimental support to the presence of

lar borders are small, with an average latémaiplane size L{he biquadratic coupling at low temperature as shown by
S g Pt NMR. Measurements were carried out at 5, 70, 140, 240, and
of about 10 nm, and similar for both samples, in agreemen

. . . . RN 593 K and presented in Figs. (Bl-11(e).
with the cross-sectlon_c_)bservathn. ;l'hIS small size is directly The first interesting observation is that the saturation field
related to our deposition techniqéfeOn the other hand,

f th hi fthe | g f increases strongly with decreasing the temperature. This
most of the white spots of the images are coming OM gneans that the indirect exchange coupling is largely en-

superposition of grains with almost parallel diffraction hanced at low temperature. This result is also in agreement
planes. This superposition is possible since the small size Qfith Slonczewski’s loose spin mod¥l,predicting a strong
the grains along th& axis is largely below the thickness of temperature dependence of the 90° coupling, which cannot
the whole stack, and explains very well the irregular shapege easily explained by the fluctuation mechanism. On the
of the white spots borders. These spots are more numerous gther hand, the observed large remanent magnetization ex-
the case of the multilayer because of the larger number ofludes the possibility that the indirect exchange coupling is
grains along theZ direction. antiferromagnetic. The remanence can be, however, ac-
Besides the NMR technique, this is another way to showgcounted for by considering a pure biquadratic coupling, and
by direct imaging, that the structural properties and the qualby tacking into account the bulk values of the Co and Fe
ity of the interfaces are identical for both the sandwich andnagnetic moments at 5 KRef. 28 for magnetization calcu-
the multilayer. As a consequence, the impact of the structurkation. This leads to values of 45 and 60 emd/mespec-
and of the interfaces on the magnetic and transport propertids/ely, for the remanence and the saturation magnetization,
will be the same. which are in very good agreement with the magnetization
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curve recorded at 5 K. To have a more precise idea on the VI. CONCLUSION

strength of the exchange coupling, we tried to simulate the

magnetization curve after removing the magnetic buffer con- . .

tribution, and using a trilayer modéFig. 11(f)]. The best This study has clearly demonstrated that ion-beam sput-
result was obtained using a ratidyiq/Jrerro=2.3 (pig tering is suitable to grow Collr/Co sandwphes with biqua-
= —1.55 erg/crh and J;o,,o=0.55 erg/crR). However, sig- dratic exchange_coupllng. '_FEM observations hav_e shown
nificant differences are evidenced between the roundness §fat the texture ig111), having an angle of 45° with the
the theoretical and the experimental loop. This can be exdrowth direction, and that the average size of the grains is
plained either by the interdiffusion at the Collr interfaces,Small particularly along the axis. Moreover, NMR and
which leads to a nonperfect biquadratic coupling, or by aT.EM have shown tha’g the.Collr |nt.erfac;es' are strongly |_nter-
magnetic domain structure. Since in the structural analysigliffused. This interdiffusion, which limits the coupling
the NMR measurements have clearly evidenced that the co@iréngth and the GMR ratio, is however at the origin of the
pling is homogeneous, the first hypothesis can be ruled ouf@in results observed in these sandwiches. Indeed, we have
However, considering small fluctuations of the couplingShown that the indirect exchange coupling is _b|quadra_t|c and
and/or fluctuations of the local anisotropy axis, the curvaturd’omegeneous on the whole film surface. This result is sup-
of the magnetization loop is very well reproduced near the?Ortéd by the NMR measurements, the GMR curves, and
saturation field. In contrast, the differences between the eXoW-temperature magnetization measurements.

perimental curve and simulation are still important, near zero

field. In these conditions, the second explanation seems to be

more favorable. Indeed, recently Tiuéddemonstrated that ACKNOWLEDGMENTS
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