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Magnetic, transport, and structural properties of FeÕCoÕCuÕ†CoÕIr ÕCo‡ sandwiches
and FeÕCoÕCuÕ†CoÕIr ‡ multilayers prepared by ion-beam sputtering
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A study of the structure, transport, and magnetic properties of Co/Ir sandwiches prepared by ion-beam
sputtering is presented. Oscillations of giant magnetoresistance~GMR! 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 magnetic Fe5nm /Co0.5nm /Cu3nm 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% and20.47 erg/cm2, 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.
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I. INTRODUCTION

Since the discovery of exchange coupling between a
cent ferromagnetic layers through nonmagnetic spacers1 and
the related giant magnetoresistance~GMR!,2 the study of
these systems has received a great deal of attention, bec
of their considerable fundamental and technological inter
Usually, antiferromagnetically coupled sandwiches and m
tilayers give rise to a high saturation field and, sometimes
a high magnetoresistance. However, large saturation fi
are not suitable for read heads and sensors applications

overcome this drawback, van den Berget al.3 have devel-
oped a different generation of angular sensors, showin
good performance, in particular for angle and position det
tion systems. In these hard-soft sensors, the strongly ant
romagnetically coupled sandwich is used to replace the m
netic hard layer, and is called artificial antiferromagne
~AAF! sandwich. Therefore the achievement of a perfect
tiferromagnetic coupling in a sandwich stack is very imp
tant for angular sensors. To study this indirect exchange c
pling, a large number of combinations of metals has b
used, giving rise to systems with oscillatory antiferroma
netic coupling and different coupling strength value
Among these systems, Co/Ru and Co/Rh were found
present very strong-coupling strength, in particular
Co/Rh system, which showed the strongest AF coupl
strength ever observed in sandwiches or multilayers.4 From
the electronic point of view, the Ir spacer was expected
give large AF coupling values. This has been recently c
firmed on Co/Ir multilayers prepared using different grow
techniques.5–8 However, there is no report, to our know
PRB 620163-1829/2000/62~17!/11709~10!/$15.00
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edge, on the presence of the AF coupling in Co/Ir sa
wiches. Moreover, Yanagiharaet al.8 have recently evi-
denced the presence of a second order, biquadratic, cou
on a 100-period Co/Ir multilayer prepared by molecu
beam epitaxy~MBE! on a MgO substrate. Such biquadrat
coupling gives rise to an orthogonal alignment between
magnetization vectors of the adjacent layers. This coup
has been earlier observed9–12 and different explanations on
its origin have been given, like loss of spins,10 coupling
fluctuations,11 or pinholes in the spacer layer.12 Furthermore,
the evidence of this effect was based, in most of these
ports, on magnetization curves simulations.

The aim of this paper is to show the presence of an in
rect exchange coupling in ion beam sputtered Co/Ir sa
wiches, which exhibits a biquadratic and homogeneous
change coupling feature. The paper is organized as follo
The description of the preparation method and the advan
of the stack design are presented in Sec. II. In Sec. III, roo
temperature GMR and magnetization curves are discus
and indicate a possible existence of a biquadratic coupl
This biquadratic coupling is consistent with the NMR me
surements~Sec. IV!. NMR also provides some informatio
about the concentration profile at the interfaces. Moreov
an investigation by x-ray diffraction~XRD! and TEM of the
structure, grain size, and interdiffusion between Co and I
the Co/Ir interface is also presented. Finally, in Sec. V sim
lations of the low-temperature magnetization curves are
ported and analyzed in terms of biquadratic coupling.

II. SAMPLE ARCHITECTURE AND EXPERIMENTAL
METHOD

Two types of samples have been prepared. First, a se
of Co3nm /IrX /Co3nm sandwiches was deposited in order
11 709 ©2000 The American Physical Society
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11 710 PRB 62S. COLISet al.
analyze the variation of GMR and coupling strength with t
thickness of the Ir spacer layer. Second, due to the sm
thickness of the sandwiches, a@Co3.5nm /Ir0.5nm#103

multilayer was prepared to investigate the structure of
layers and the morphology of the Co/Ir interfaces.

All samples were deposited at room temperature o
glass substrate covered by a Fe5nm /Co0.5nm /Cu3nm buffer
layer. A Cu2nm /Cr2nm capping layer was used to cover th
samples and protect them against oxidation. Since the m
netic and transport properties of the sandwiches are stro
dependent on the morphology of the magnetic/nonmagn
interfaces, an important effort was made to optimize the s
face quality and the structure of these layers. The gro
deposition rates and the thickness of the buffer and cap
layers were varied in order to improve, as much as poss
the magnetic and transport properties.13 The buffer
Fe5nm /Co0.5nm /Cu3nm presents the advantage to reduce
surface roughness of the whole stack. Moreover, its magn
nature gives a contribution to the GMR signal and, as a c
sequence, an increase in the total GMR is expected. Thu
GMR signal results from two contributions: the first on
coming from the AAF Co/Ir/Co sandwich and the seco
one, called spin-valve GMR, which results from the intera
tion between the Fe/Co soft buffer layer and the AAF ha
layer. As the buffer layer is decoupled from the sandwi
this hard soft system is ideal for magnetic sensors.3

All samples were prepared by ion-beam sputtering~IBS!
technique using a two grid Kaufmann14 ion source. The base
pressure was about 531029 mbars. The Ar1 ions are inci-
dent on the sputter target at 400 V with an angle of 45° a
the beam current was around 5 mA. The growth of the
posited films was monitored by a vibrating quartz crys
oscillator, which is placed close to the substrates. The gro
deposition rates were typically 0.75 nm/min for Co, 0.5 n
min for Ir, 0.65 nm/min for Fe, and 1.7 nm/min for Cu.

The magnetoresistance of the samples was measure
ing a low-frequency ac lock-in technique, with a conve
tional four in line gold-plated contacts~CIP ‘‘current in-
plane’’ configuration!. At room temperature, the
measurements were performed up to 17 kOe applied m
netic field, both parallel and perpendicular to the in-pla
current direction, in order to detect any anisotropic mag
toresistance contribution.

The magnetization measurements were carried out u
an alternating gradient force magnetometer~AGFM! ~Ref.
15! and a superconducting quantum interference dev
~SQUID! magnetometer, respectively, for room-temperat
and low-temperature measurements. In both cases, the
netic field was applied in the plane of the film and reach
a maximum of, respectively, 13 kOe~AGFM! and 50 kOe
~SQUID!. The AGFM measurements have been perform
with the magnetic field parallel to a reference direction a
also at several angles with respect to this direction. Since
magnetization curves are superimposed, we deduced tha
have no uniaxial anisotropy.

The x-ray measurements were performed using a Siem
powder diffractometer.u/2u scans were carried out using
parallel monochromatic Co-Ka1

radiation. Small-angle x-ray
diffraction was used to check the superlattice period len
and the superlattice quality.

Nuclear magnetic resonance~NMR! measurements wer
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carried out at 1.5 K on a Co3nm /Ir0.5nm /Co3nm sandwich and
a @Co3.5nm /Ir0.5nm#103 multilayer, using a broadband auto
mated spectrometer. Measurements have been taken
function of the applied radio frequency~RF! field H1
strength, at frequencies between 50 and 250 MHz. A thr
dimensional~3D! surface, intensity as a function of both fre
quency and H1 strength, is then obtained. The advantage
this method is to visualize the structural inhomogeneiti
along the frequency axis, and the magnetic inhomogenei
along the rf field axis.

Finally, transmission electron microscopy~TEM! obser-
vations were carried out using a Topcon EM002B stand
microscope, which operates up to 200 kV with a point
point resolution of 0.18 nm. Specimens were prepared us
standard technique of mechanical thinning combined with
ion-beam etching.

III. MAGNETIC AND TRANSPORT PROPERTIES

A. Sandwiches

To study the magnetic and transport properties, a serie
symmetrical sandwiches with a variable Ir thickness has b
prepared. The deposited stack presents the following st
ture: Fe5nm /Co0.5nm /Cu3nm /Co3nm /IrXnm/Co3nm /Cu2nm /
Cr2nm . Oscillations of GMR and exchange coupling streng
vs Ir spacer thickness5 have been observed and reported
Fig. 1. As clearly seen, the first maximum in the GMR a
the exchange coupling do not occur at the same Ir spa
layer thickness. The first maximum of the coupling streng
and of the GMR appear at, respectively, 0.5 and 0.3 nm o
From the theoretical point of view, the coupling streng
should present a maximum for one monolayer spa
thickness,17 but experimentally this is hard to achieve, b
cause of the easy mixing of the Co and Ir at the Co/Ir int
faces. Below a certain Ir thickness, bridges appear across
spacer and the direct coupling between the two Co lay
favors the ferromagnetic~FM! coupling, instead of the anti
ferromagnetic~AF! coupling, lowering the intensity of the
indirect exchange coupling.

We will try now to understand the origin of the shift be
tween the GMR and the coupling strength oscillations. It

FIG. 1. Magnetoresistance~full squares! and coupling strength
~open circles! versus Ir spacer thickness of a Co3nm /IrXnm/Co3nm

sandwich deposited on a Fe5nm /Co0.5nm /Cu3nm buffer layer. The
solid and dotted lines are only a guide for the eye.
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important to note first that this effect is observed due to
presence of the soft magnetic Fe/Co layers in the buffer. T
adds an interesting contribution to the spin-dependent s
tering mechanism. Thus we have to examine carefully
magnetization and the GMR curves for ferromagnetic a
antiferromagnetic sandwiches.

For very thin Ir spacer layers, the coupling is ferroma
netic as shown in Fig. 2 for the Co3nm /Ir0.3nm /Co3nm sand-
wich. Therefore, the contribution to the GMR comes main
from the spin-dependent scattering due to the different
entations of the soft magnetic buffer layers, with respec
the magnetization of the whole Co/Ir/Co sandwich. This
similar to a hard/soft structure, where the Fe/Co layer in
buffer and the Co/Ir/Co sandwich are, respectively, the s
and the hard layers. As shown in Fig. 2 using arrows, a
reversing the magnetic field, the magnetization vector of
soft buffer is switched from the parallel configuration, wi
respect to the magnetization vectors of the Co layers in
sandwich, to the antiparallel configuration. Such a 180°
tation will give rise to the maximum GMR that can be o
tained, which is about 3%.

Increasing the thickness of the Ir spacer layer, the
change coupling is increased to reach its maximum aro
0.5-nm Ir spacer layer. If we suppose in this case that
coupling between the Co layers through Ir is perfect a
antiferromagnetic,5 the magnetization vectors of the adjace

FIG. 2. Room-temperature magnetoresistance@~a! current in-
plane configuration! and magnetization ~b! curves of a
Co3nm /Ir0.3nm /Co3nm sandwich. The magnetic applied field wa
parallel to the film plane. The dotted arrows correspond to the m
netization of the buffer, while the full arrows correspond to t
magnetization of the two Co layers of the trilayer.
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Co layers are antiparallel and contained in the film plane
zero field. After reversing the applied magnetic field, t
magnetization vector of the soft buffer layers should rot
by 180°, from the parallel to the antiparallel configuratio
~or vice versa! with respect to the next Co magnetizatio
vector. In this situation the bottom Co layer of the sandw
will be antiparallel to both the top Co layer and the detect
one. In addition, if we consider that the resistance of
sample does not change significantly with the deposition
an additional Ir monolayer~0.5-nm Ir compared to 0.3 nm
for the ferromagnetically coupled sandwich!, this situation
leads to a spin-valve GMR contribution, which is slight
lower than the previous one, in the ferromagnetic sandw
Thus, adding to this signal, the GMR contribution due to t
AAF Co/Ir/Co sandwich, the total GMR signal in the ant
ferromagnetic sandwich should be close, or slightly high
to the GMR in the ferromagnetic sandwich. Surprisingly, th
is in contradiction with what is experimentally observed. I
deed, the GMR value of the Fe5nm /Co0.5nm /Cu3nm /
Co3nm /Ir0.5nm /Co3nm stack, corresponding to the first max
mum in the coupling oscillation, reported in Fig. 3 is low
by 40% than the GMR value obtained for the ferromagne
cally coupled sandwich.

A reduction up to 15% in the GMR amplitude for th
strongly exchange coupled Co/Ir/Co sandwich can, howe
be explained if the indirect exchange coupling has a biq

g-

FIG. 3. Room-temperature magnetoresistance@~a! current in-
plane configuration# and magnetization ~b! curves of a
Co3nm /Ir0.5nm /Co3nm sandwich. The magnetic applied field wa
parallel to the film plane. The dotted arrows correspond to the m
netization of the buffer, while the full arrows correspond to t
magnetization of the two Co layers of the trilayer.
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11 712 PRB 62S. COLISet al.
dratic nature. This can be calculated using the follow
expression:16,25 MR; 1

2 (12cosu), whereu is the angle be-
tween the moment of the bottom Co layer of the sandw
and the moment of the Fe/Co layer of the buffer. For
ferromagnetic~0.3 nm of Ir! and the biquadratic~0.5 nm of
Ir! coupling,u is, respectively, 180° and 135°. Moreover,
reduction up to 50% can also be explained considering b
the presence of biquadratic coupling and simultaneous r
tion of the buffer and sandwich magnetizations. The sim
taneous rotation of the buffer and the sandwich net mom
is more likely to occur in the case of the sandwich w
0.5-nm Ir than in the sandwich with 0.3-nm Ir. Indeed, sim
lations of the magnetization have shown that with a giv
anisotropy, the coercive field is sensitively reduced by
presence of a small biquadratic coupling, compared to
case without coupling. Therefore the coercive fields of
sandwich and the buffer layers are close to each other.
thermore, the absence of a plateau and of a maximum at
field in the magnetoresistance curve indicate that there is
well defined antiferromagnetic state. In addition, around z
field, the variation of the resistivity against the magnetic fie
follows a steep variation, instead of a parabolic one, as
pected for a perfect antiferromagnetic coupling. On the ba
of the above analysis we can conclude that the presenc
biquadratic coupling qualitatively explains the GMR resul

Therefore we have to look carefully to the magnetizat
curve for the same sandwich, reported in Fig. 3, in orde
have a more precise idea on the nature of the exchange
pling. The figure shows a steep increase of the magnetiza
up to about 0.7 times its saturation value, followed by a sl
uptake to the saturation. This high remanence is more im
tant than the one expected from the Fe/Co detection la
and cannot be attributed to errors in the layers thickn
evaluation. The existence of a non-negligible difference
tween the expected and the measured remanence value
however, be explained by the presence of a biquadratic
change coupling.

To have an idea on the exchange coupling strength,
culations have been done using the formula:2J5HS•(MR
2MS)•tCo/2, whereHS is the saturation field,MR and MS
the remanent and, respectively, the saturation magnetiza
and tCo the thickness of one Co layer. The maximum co
pling strength is obtained for 0.5-nm Ir thickness and cor
sponds to 0.54 erg/cm2. This value is certainly overestimate
since it corresponds to a linear variation of the magnetiza
until the saturation. This is far from our magnetization cur
showing a large remanence and a strong curvature below
saturation. On one hand such a shape of the magnetiza
loop could result from an inhomogeneity of the magne
anisotropy within the layers, and/or a large scale lateral
homogeneity of the coupling strength between the layers.
the other hand such a shape is also expected in the ca
biquadratic coupling. However, the GMR observatio
quoted above and the NMR results that will be presen
later favor the last hypothesis. Nevertheless, our values
smaller than the values reported on Co/Ir multilayers5–8 and
evidences the difficulty to obtain sandwich stack with a h
and perfect indirect exchange coupling. However, the GM
value of this sandwich is about 2%, which is seven tim
larger than the one measured on Co/Ir multilayers depos
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by the same technique~0.3%!.5 This can, however, be ex
plained by the strong contribution to the GMR coming fro
the magnetic Fe/Co buffer.

B. Multilayers

In order to study the properties of the Co/Ir stack itse
magnetization and resistivity measurements were perform
also on the@Co3.5nm /Ir0.5nm#103 multilayer, where the influ-
ence of the buffer layer is largely reduced. If the magneti
tion loop does not differ much from the one of the sandw
with the same Ir thickness, the GMR curve is, however, d
ferent due to the strong decrease of the buffer contribut
The GMR ratio for this multilayer is of 0.5%, which is fou
times less than the sandwich value, but still larger than
value obtained for Co/Ir multilayers deposited by the sa
IBS ~Ref. 5! technique on a Fe/Ir buffer. This demonstrat
again the importance of the nature of the buffer layers on
properties of our samples. The shape of the GMR loop of
multilayer is very close to those of sandwiches, but both
them are still far from a parabolic variation. This indicat
that the magnetic and transport properties of the sandwic
and multilayers are similar.

The GMR and magnetization curves analysis develo
above gives a qualitative indication of the existence o
biquadratic coupling in our sandwiches. However, since
structure and the morphology of the interfaces of thin film
and multilayers18 have a strong influence on the exchan
coupling and on the GMR, a detailed structural study of o
samples is therefore very important to understand the ph
cal origin of the magnetotransport properties.

IV. STRUCTURE AND INTERFACE INVESTIGATIONS

A. XRD measurements

Due to the small thickness of the layers, x-ray diffracti
does not allow us to see any diffraction peak for a sandw
stack. For this reason, x-ray-diffraction measurements h
been performed on a@Co3.5nm /Ir0.5nm#103 multilayer, in or-
der to obtain information on the quality of the interfaces. A
the diffraction patterns were obtained with the scattering v

FIG. 4. Low angle x-ray-diffraction pattern spectra for
@Co3.5nm /Ir0.5nm#103 multilayer recorded at room temperature usi
the Cu radiation withlKa1

50.154 nm.
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PRB 62 11 713MAGNETIC, TRANSPORT, AND STRUCTURAL . . .
tor perpendicular to the film plane. Figure 4 shows the sm
angle x-ray-diffraction spectrum. The presence of the Bra
peaks and the Kiessig fringes is an indication of a sm
range roughness of the interfaces quality, with a well defin
periodicity. From the Bragg peaks, we determine the sup
lattice period, which gives rise to an average value of
60.1 nm. This is in good agreement with the nominal o
(L54 nm!.

B. NMR measurements

In order to understand the origin of the observed int
layer exchange coupling and its nature, NMR measurem
were performed at low temperature on a@Co3.5nm /Ir0.5nm#103

multilayer and on a Co3nm /Ir0.5nm /Co3nm sandwich. The
spectra were recorded for different values of the excitat
radio-frequency~rf! field, a method which allows us to mea
sure the restoring field~anisotropy and/or exchange field!
acting on the magnetic moments.19,20

1. Multilayers

The observed NMR intensity vs frequency (f ) and rf field
(H1) for the multilayer is presented in Fig. 5 as a 3D surfa
In such a picture, the intensity distribution along the fr
quency axis reflects the structure of the Co layer and
interfaces, whereas the intensity distribution along the rf fi
axis reflects the distribution of the restoring~coupling and/or
anisotropy! field (Hres). In the raw NMR data, the restorin
field distribution is convoluted with the nuclear-spin r
sponse to the rf field, which leads to an intrinsic, ‘‘natura
width. Within this resolution, a single peak is observed in

FIG. 5. NMR signal intensity as a function of frequency and
field as observed in a@Co3.5nm /Ir0.5nm#103 multilayer. The narrow
distribution of the rf field evidences the presence of an homo
neous coupling. Insets show the oscillations of the magnetiza
vectors of the two adjacent Co layers, which correspond to the
vibration modes. The ‘‘scaled rf field’’ is the actual rf field valu
multiplied, for convenience, by an instrumental factor such that
restoring field is read directly as the ‘‘scaled rf field’’ value for th
maximum signal. The curves along this axis reflect coarsely
restoring field distribution.21
l-
g
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d
r-
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.
-
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e

present samples, whereas largely inhomogeneous sam
would exhibit a much flatter distribution over several orde
of magnitude of the field strength~see Fig. 10 of Ref 20!.19,23

This shows that all the electronic moments magnetize co
ently, over the whole stack in low field, as expected for
homogeneous ferromagnet. However, the experime
curves exhibit also an upturn for the largest values of
excitation field, close to the maximum available on the sp
trometer. This shows the existence of a second oscilla
mode of the electronic moments in large fields. The ex
tence of two oscillation modes, with very different restorin
fields, is indeed possible if a biquadratic coupling exists
tween the two adjacent Co layers. In the first vibration mo
for low values of the rf field, the Co moments of the tw
layers oscillate in phase, keeping constant the 90° angle
tween them, and the measured restoring field correspond
the magnetic anisotropy only. In the second mode, the m
ments of the two layers oscillate in phase opposition, and
measured restoring field arises from both the magnetic
isotropy and the exchange coupling.

Although they are related, these two modes should no
confused with the ‘‘symmetric’’ and ‘‘antisymmetric’’
modes observed by ferromagnetic resonance~FMR! in anti-
ferromagnetic materials. Owing to the low excitation fr
quency the electronic spins are far from resonance and
follow adiabatically the external NMR rf field: from the
nucleus viewpoint the electronic spins are essentially nu
ing. A direct consequence is that the ‘‘symmetric’’ mode
not observed in a purely antiferromagnetic system beca
the in-phase mutation of the electronic moments canno
excited by the rf field in the absence of a net magnetizati
Only the ‘‘antisymmetric’’ mode, corresponding to the tran
verse susceptibility of the antiferromagnet, can be observ
The situation is, of course, different in case of noncolline
coupling where the net electronic moment is driven in os
lation by the rf field.

The NMR spectra, corrected for enhancement factor19,20,22

of the @Co3.5nm /Ir0.5nm#103 multilayer, is reported in Fig. 6.

-
n
o

e

e

FIG. 6. NMR spectra~normalized to the sample total interfac
surface area! of a @Co3.5nm /Ir0.5nm#103 multilayer ~solid line! and of
a Co3nm /Ir1nm /Co3nm sandwich~dotted line!. The width at the half
maximum of the main lines and the tails of both spectra are ide
cal, which reflects similar structures and similar Co/Ir interfaces
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11 714 PRB 62S. COLISet al.
The hyperfine field (HHF), the concentration profile at th
interfaces and the structure of the bulk Co layer have b
deduced. Generally, an NMR spectrum of a Co/X system,
presents a main peak, which corresponds to the bulk Co
ers, while the low-frequency tail corresponds to the Co
oms from the grain boundaries and from interfaces, wh
have different chemical environment. The frequency of b
Co atoms is expected to be around 226 MHz for a~0001! hcp
sample with an in-plane magnetization and at 220 MHz
hcp Co with the magnetization along thec axis. The fre-
quency for fcc Co is expected at 217 MHz.

In our case the NMR spectrum of the multilayer prese
a main resonance line at 219 MHz. This cannot be attribu
to hcp Co with the magnetization along thec axis since the
magnetization measurements have clearly evidenced tha
magnetization lies in the film plane. Therefore this resona
frequency is intermediate between the NMR frequency of
fcc and the hcp structures, which means that there in no
defined structure. Moreover, the width at the half maxim
of this resonance line is large, which can be explained by
presence of stacking faults. The simulation has allowed u
extract the amount of stacking faults, which is around 48
This is a clear evidence of the absence of a defined struc
On the other hand, the concentration profile of the Co ato
at the interfaces is presented in Fig. 7. As expected, the C
interface is strongly interdiffused and it extends over fi
monolayers. Moreover, the concentration of Co atoms in
middle of the Ir spacer is about 30%, and consequently th
is no pure Ir atomic plane in the whole stack.

From the contribution of each mixed atomic layer to t
total spectrum, it is possible to compute the average hy
fine field value of each layer, which provides an estimate
the average magnetic moment per Co atom in each m
layer.18,24 The magnetization profile normalized to the bu
magnetization is presented in Fig. 7. Co atoms located in
middle of the Ir spacer lose up to 60% of their magne
moment, and if we express the profile in terms of magne
dead layer, 0.14 nm of Co are nonmagnetic at each C
interface. This value is much smaller than the value repo
by Dinia5 ~0.4 nm/interface!, in the case of Co/Ir multilayers
deposited on a Fe/Ir buffer. This is a proof of the importan
of the nature of buffer layer and of the growth conditions
the interface morphology.

FIG. 7. Concentration and hyperfine field profile of Co ato
across an 0.5-nm Ir spacer layer for the Co3nm /Ir1nm /Co3nm sand-
wich.
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2. Sandwiches

It is already known that the roughness of the interfac
can increase, or decrease, with increasing the number o
posited layers, and consequently differences between s
wiches and multilayers can occur. To verify this hypothe
and to give consistency to our study, another NMR spec
has been recorded for a Co3nm /Ir1nm /Co3nm sandwich~the
dotted line in Fig. 6!. In this figure the spectra are normalize
to the total interface surface area of the sample. With suc
normalization the NMR spectra of samples with identic
interfaces will be superimposed. From the comparison w
the multilayer spectrum, interesting observations can
made~i! first, the main resonance line appears at the sa
frequency~219 MHz!, and presents the same width at t
half maximum as the multilayer one, which indicates that
structure is exactly the same with a large amount of stack
faults; ~ii ! second, the low-frequency tails of the two spec
are absolutely identical, which proves the similar charac
of interfaces for both samples. The shape of the signal c
ing from interfaces is the same in both structures, wh
means that Co/Ir interfaces have the same interdiffusion
gree in sandwiches and in multilayers. Thus the roughn
does not change with increasing the number of depos
layers as will be also confirmed by the TEM observatio
Therefore the structural results found for a multilayer ap
as well as for a sandwich. Moreover, at low frequenci
there are no peaks coming from the Co/Cu interfaces eve
in the sandwich their impact on the total signal is much m
important than in the case of the multilayer. This means t
Co/Cu interfaces are interdiffused and gives only a sm
signal over a large frequency range. The Co/Cu interfaces
strongly intermixed almost as Co/Ir ones, this being a p
ticularity of our deposition technique. Nevertheless, Pers25

obtained using classic sputtering, abrupt Co/Cu interfa
with almost zero magnetic dead layer. This is another e
dence on the correlation between the deposition techn
and the physical properties of the samples.

NMR results have shown a strong interdiffusion at t
Co/Ir interfaces, which extends over more than five mon
layers. This interdiffusion is probably at the origin of th
biquadratic coupling as supported by NMR analysis,
agreement with Slonczewski’s loose spin model.10 He at-
tributes this effect to the magnetic atoms at the interfac
which are weakly exchange coupled to the rest of the fe
magnetic parts and give rise to a 90° coupling.

C. TEM measurements

Cross section and plan view TEM measurements w
performed on both @Co3.5nm /Ir0.5nm#103 multilayer and
Co3nm /Ir0.5nm /Co3nm sandwich. In this way the local struc
ture, the grain size, and the quality of the interfaces w
directly investigated for both samples.

Figure 8 shows a cross section image of the two samp
The contrast is strong between Co and Ir, mainly due to
large difference between their atomic numbers. In contr
Co, Cu, Fe, and Cr have closer atomic numbers and ca
be well distinguished and therefore the capping and
buffer appear without contrast. However, the period of
multilayer can be precisely measured, giving the value
about 3.860.2 nm. This is in good agreement with the nom
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nal value~4 nm!. The Ir layers appear to be continuous b
their thickness is larger than the nominal value 0.5 nm. T
is due to the strong interdiffusion at the Co/Ir interfaces26 as
shown by NMR interface profile~Fig. 7!. From the contrast
analysis between Co and Ir, the Ir layers and the Co/Ir in
faces do not present lateral oscillations and the interfa
roughness do not increase with increasing the number of

FIG. 8. High-resolution bright-field cross-section TEM imag
of a @Co3.5nm /Ir0.5nm#103 multilayer ~a! and ~c!, and of a
Co3nm /Ir0.5nm /Co3nm sandwich~b!. The Ir layers~dark bands! ap-
pear thicker than 0.5 nm, due to the large interdiffusion at the C
interfaces. The inset of~c! presents a diffraction image of the cro
section. The most intense spots come from the~111! diffraction
planes and correspond to a direction which make 45° with
growth direction.

FIG. 9. Diffraction image of a@Co3.5nm /Ir0.5nm#103 multilayer
~a! and a Co3nm /Ir0.5nm /Co3nm sandwich~b!. The small black circle
in the region of the most intense diffraction ring~a! indicates the
region, where the dark field images were taken. The Co* indicates
the fcc phase of Co.
t
is

r-
es
he

periods. This is in agreement with the NMR observation t
the coupling is homogeneous and free of lateral fluctuatio

A magnification of a high-resolution cross sectio
~XHREM! image of the multilayer shows that there is n
coherence between the grains structure along theZ axis. The
average coherence length along theZ axis is small and does
not exceed 8 nm~maximum 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 patte
present two types of spots, coming from the superlattice
the atomic planes. The spots along the growth direction
extremely weak and correspond to the~220! diffraction
planes. Dark field~DF! images taken under these conditio
give a similar size of grains as the values extracted from
XHREM images. The most intense spots come from
~111! planes with the diffraction vector lying at 45° from th
growth direction.

The plan view diffraction patterns~Fig. 9! present a series
of continuous rings, which are characteristic of polycryst
line samples. This evidences the presence of a well defi
crystallographic structure in the grains for both the sandw
and the multilayer. These rings are mainly due to the hcp
fcc Co phases. However, the diffraction rings of the Ir a
only observed in the case of the multilayer, mainly due to
larger thickness of Ir, giving rise to a larger diffracted sign

Ir

e

FIG. 10. Dark-field images of a@Co3.5nm /Ir0.5nm#103 multilayer
~a! and Co3nm /Ir0.5nm /Co3nm sandwich~b!. The grains are small
randomly oriented and superposed, which explains the irreg
shape of the borders and their diffused contrast.
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FIG. 11. SQUID magnetization loops on@Co3.5nm /Ir0.5nm#103 multilayer recorded at 5, 70, 140, 240, and 295 K@~a!–~e!#. ~f! presents the
curve from~a! without the buffer contribution~solid line! and the simulation curve with a trilayer model~dotted line!.
ns
n
e
re
g

e
ct
,

n
e
f
pe
us
r

ow
a
n
tu
rti

een

e of
by

and

eld
his

en-
ent

not
the
ex-
is
ac-
nd
Fe

ion,
ion
The dark field images~Fig. 10! were taken in the region
of the most intense ring of the plan view diffraction patter
~Fig. 9!. This ring is actually the result of the superpositio
of many rings coming from fcc and hcp Co, Cr, Ir, and F
which means that the grains presented in Fig. 10 will cor
spond to all these materials. The observed grains with re
lar borders are small, with an average lateral~in-plane! size
of about 10 nm, and similar for both samples, in agreem
with the cross-section observation. This small size is dire
related to our deposition technique.27 On the other hand
most of the white spots of the images are coming from
superposition of grains with almost parallel diffractio
planes. This superposition is possible since the small siz
the grains along theZ axis is largely below the thickness o
the whole stack, and explains very well the irregular sha
of the white spots borders. These spots are more numero
the case of the multilayer because of the larger numbe
grains along theZ direction.

Besides the NMR technique, this is another way to sh
by direct imaging, that the structural properties and the qu
ity of the interfaces are identical for both the sandwich a
the multilayer. As a consequence, the impact of the struc
and of the interfaces on the magnetic and transport prope
will be the same.
,
-
u-

nt
ly

a

of

s
in

of

,
l-
d
re
es

V. LOW-TEMPERATURE MAGNETIZATION
MEASUREMENTS AND SIMULATIONS

Temperature-dependent SQUID magnetometry have b
performed on the same@Co3.5nm /Ir0.5nm#103 multilayer, in
order to give another experimental support to the presenc
the biquadratic coupling at low temperature as shown
NMR. Measurements were carried out at 5, 70, 140, 240,
293 K and presented in Figs. 11~a!–11~e!.

The first interesting observation is that the saturation fi
increases strongly with decreasing the temperature. T
means that the indirect exchange coupling is largely
hanced at low temperature. This result is also in agreem
with Slonczewski’s loose spin model,10 predicting a strong
temperature dependence of the 90° coupling, which can
be easily explained by the fluctuation mechanism. On
other hand, the observed large remanent magnetization
cludes the possibility that the indirect exchange coupling
antiferromagnetic. The remanence can be, however,
counted for by considering a pure biquadratic coupling, a
by tacking into account the bulk values of the Co and
magnetic moments at 5 K~Ref. 28! for magnetization calcu-
lation. This leads to values of 45 and 60 emu/m2, respec-
tively, for the remanence and the saturation magnetizat
which are in very good agreement with the magnetizat
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curve recorded at 5 K. To have a more precise idea on
strength of the exchange coupling, we tried to simulate
magnetization curve after removing the magnetic buffer c
tribution, and using a trilayer model@Fig. 11~f!#. The best
result was obtained using a ratioJbiq /Jf erro52.3 (Jbiq
521.55 erg/cm2 andJf erro50.55 erg/cm2). However, sig-
nificant differences are evidenced between the roundnes
the theoretical and the experimental loop. This can be
plained either by the interdiffusion at the Co/Ir interface
which leads to a nonperfect biquadratic coupling, or by
magnetic domain structure. Since in the structural analy
the NMR measurements have clearly evidenced that the c
pling is homogeneous, the first hypothesis can be ruled
However, considering small fluctuations of the coupli
and/or fluctuations of the local anisotropy axis, the curvat
of the magnetization loop is very well reproduced near
saturation field. In contrast, the differences between the
perimental curve and simulation are still important, near z
field. In these conditions, the second explanation seems t
more favorable. Indeed, recently Tiusan29 demonstrated tha
magnetic walls pinned by structure and/or magnetic defe
can be at the origin of this curvature~from zero field up to
saturation! of the magnetization loop, and this is very likel
to occur in our case since all the samples present a n
negligible amount of structural defects.
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VI. CONCLUSION

This study has clearly demonstrated that ion-beam s
tering is suitable to grow Co/Ir/Co sandwiches with biqu
dratic exchange coupling. TEM observations have sho
that the texture is~111!, having an angle of 45° with the
growth direction, and that the average size of the grain
small particularly along theZ axis. Moreover, NMR and
TEM have shown that the Co/Ir interfaces are strongly int
diffused. This interdiffusion, which limits the couplin
strength and the GMR ratio, is however at the origin of t
main results observed in these sandwiches. Indeed, we
shown that the indirect exchange coupling is biquadratic
homogeneous on the whole film surface. This result is s
ported by the NMR measurements, the GMR curves,
low-temperature magnetization measurements.
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24Y. Henry, C. Mény, A. Dinia, and P. Panissod, Phys. Rev. B47,
15 037~1993!.

25N. Persat, Ph.D. thesis, Louis Pasteur University, Strasbo
1998.

26T.B. Massalski,Binary Alloy Phase Diagram, 2nd ed.~American
Society of Metals, Metals Park, OH, 1990!, Vol. 2.

27A. Dinia, N. Persat, and C. Ulhaq-Bouillet~unpublished!.
28According to many authors, the values of the magnetic momen

5 K are around 1440 emu/cm3 for Co and, respectively, 1740
emu/cm3 for Fe. These values were taken from C. Kittel,Phy-
g,

at

sique de l’état solide, 5th ed., edited by Bordas~Dunod Univer-
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