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We present a comprehensive study of the structural, magnetic, and transport properties of NiFe/Ag multi-
layers grown by magnetron sputtering onto substrates maintained at liquid-nitrogen temperature. The influence
of the Ag thickness (tAg), NiFe thickness (tNiFe), and number of bilayers (n) has been studied. These multi-
layers exhibit antiferromagnetic and biquadratic coupling for 9 Å,tAg,12.5 Å. For a given Ag thickness in
this interval, the saturation field is inversely proportional totNiFe. Furthermore, giant magnetoresistance
~GMR! is observed with a maximum amplitude fortNiFe'25 Å. However, the maximum GMR sensitivity
DR/R/H is obtained at larger NiFe thicknesses. The dependence of the resistivity and magnetoresistance on
the thickness of the NiFe layers has been analyzed within the Camley and Barnas semiclassical theory. The
effect of adding thin layers of Co at the NiFe/Ag interfaces has also been investigated. A doubling of the GMR
amplitude at room temperature and a significant increase in the saturation field are observed with the intro-
duction of only one atomic plane of Co at each NiFe/Ag interface. A quantitative analysis of the data shows
that the increase of the GMR is due to a better transmission of the spin-up electrons through the NiFe/Co/Ag
interface than through the NiFe/Ag interface. The results are interpreted in terms of a reinforcement of the
magnetic ordering at the NiFe/Co/Ag interfaces, and correlatively a reduction of the interfacial magnetic
scattering caused by the presence of the Co layer.@S0163-1829~96!06022-5#

The giant magnetoresistance~GMR! first discovered in
~Fe/Cr! multilayers,1 and later observed in a large number of
transition-metal-based multilayers or sandwiches,2,3 has been
the object of numerous experimental and theoretical studies
stimulated by both fundamental and applied interests.
Among the various systems investigated,~NiFe/Ag! multi-
layers appear to be good candidates for applications in mag-
netoresistive sensors since they have good sensitivity
(DR/R/H'0.1 to 0.2%/Oe in a field range of 0–50 Oe! and,
above all, good thermal stability.4,5 Upon annealing up to
250 °C for 10 min, the GMR amplitude increases, while the
saturation field decreases leading to an increase in the field
sensitivity of the material.4 In order to complete the data
presented in Refs. 4 and 5, we have carried out a more sys-
tematic study of the structural, magnetic, and transport prop-
erties of~NiFe/Ag! multilayers grown by magnetron sputter-
ing onto substrates maintained at liquid-nitrogen
temperature. The preparation technique and structural char-
acterization of the sample are described in the first part of
this paper. Section II describes the influence of the Ag thick-
ness (tAg) on the coupling between NiFe layers through the
nonmagnetic spacer and on the GMR. In Sec. III, we discuss
the influence of the NiFe thickness (t NiFe) and number of
bilayers (n) on the saturation field, GMR amplitude, and
GMR sensitivity. The dependence of the resistivity and mag-
netoresistance on the thickness of the NiFe layers has been
analyzed within the framework of the semiclassical theory of
Camley and Barnas. This analysis is presented in Sec. IV.

The effect of adding thin layers of Co at the NiFe/Ag
interfaces has also been investigated~Sec. V!. A quantitative
analysis of the data is given together with a physical discus-
sion of the results.

I. SAMPLES PREPARATION AND STRUCTURAL
CHARACTERIZATION

The samples are prepared by magnetron sputtering. The
base pressure is 231028 Torr, while the Ar pressure during
deposition is 1.531023 mbar. The distance between the tar-
gets and the substrates is of the order of 10 cm. The sub-
strates are attached to a rotating plate controlled by a step
motor. This plate positions the substrates in front of the ap-
propriate target. A shutter located between the target and the
substrate allows the control of the deposition time. In our
geometry, the sputtered species impinge on the substrate
with a normal incidence. The Ag is dc sputtered at a rate of
0.6 Å/sec, while the NiFe is rf sputtered at a rate of 1.2
Å/sec. We deliberately choose rf sputtering for NiFe because
we noticed that the resistivity of the NiFe films prepared in
our unit is lower for films prepared by rf than by dc~of the
order of 24mV cm at room temperature for rf as compared
to 32mV cm for dc!. The structural quality of the film pre-
pared by rf is definitely better. This has been confirmed by
x-ray studies on single films of NiFe for which much nar-
rower lines are observed inu–2u scans for films prepared by
rf than for films prepared by dc.6 Concerning the growth of
the Ag layers, the key point is not the use of dc or rf power
supply on the targets but the substrate temperature.4,5 At
room temperature, the growth of Ag on Ni or NiFe is tridi-
mensional. Ag tends to coalesce and to form islands. There-
fore it is very important to maintain the substrates at low
temperature during the growth of the Ag layers in order to
reduce the Ag surface mobility and obtain flat Ag layers.
This effect of temperature on the structural quality of the Ag
layers is illustrated in Figs. 1~a! and 1~b!. These figures
show, respectively, large- and small-anglesu–2u scans for
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800-Å-thick Ag films prepared at 300 and 77 K. The much
higher intensity@Fig. 1~b!# and slower damping of the oscil-
lations of the Kiessig fringes@Fig. 1~a!# observed for the film
prepared at 77 K indicate a better structural quality and
smoothness for this film as compared to the one prepared at
300 K.

We grew several series of~NiFe tNiFe/Ag tAg) n multilay-
ers on Si substrates covered with 5000-Å SiO2 . Our unit
allows the preparation of ten different samples in the same
pump-down, so that good reproducibility in the thicknesses
of the various layers can be obtained from one sample to
another. The determination of the thickness of the various
layers is based on the deposition time assuming constant
deposition rates~which is true over several hours of sputter-
ing!. The deposition rates are measured by depositing thick
layers of a single material and measuring their thickness with
a talistep. The thicknesses are later controlled by the analysis
of the x-ray-diffraction scans. Figures 2~a! and 2~b! show
typical diffraction scans obtained for a multilayer of the
composition@40-Å FeNi/12-Å Ag# 50 at respectively small
@Fig. 2~a!# and large angles@Fig. 2~b!#. The inset of Fig. 2~b!
shows a rocking curve around the main line. The position of
the satellite peaks in Fig. 2~b! as well as the position of the
small-angle peaks, which are in both cases associated with
the superperiod of the multilayered structure, allows an ac-
curate determination of the chemical period of the
multilayer. In this example, one findsL551.9 Å as com-
pared to 52 Å expected from the deposition times. A~111!
texture is found which is usual for sputtered fcc metals.
However, the dispersion around this direction of growth is
fairly large ~see the rocking curveDv515°). The width of
the lines in Fig. 2~b! (D2u50.714°) indicates a coherence
length in the growth direction of the order of 160 Å which
corresponds in the present case to about three chemical pe-
riods. The clear observation of peaks associated with the
superperiodicity at large and small angles indicates the good
structural quality of these~NiFe/Ag! samples.

These multilayers were deposited at 77 K~liquid-nitrogen
temperature! for the reasons stated above. During the depo-
sition process, great care was taken to insure a good thermal
exchange between the substrates and the substrate holder. As
an example, we show in Fig. 3~a! a comparison of the mag-
netoresistive properties of two samples of the same nominal

composition~NiFe 25 Å/Ag 12 Å!20. One of the samples
was stuck to the sample holder by indium solder, which in-
sures a very good thermal contact, while the other was sim-
ply attached to the substrate holder by adhesive Kapton. For
this Ag thickness, for which an antiferromagnetic coupling
exists between NiFe layers through the Ag spacer, the first
sample shows GMR while the second one does not. In fact,
the second sample shows ferromagnetic coupling through the
Ag layers. This coupling is most likely due to the presence of
pinholes. A similar observation had been made on NiFe/Ag/
NiFe/FeMn spin valves grown at room temperature.3

FIG. 1. Comparison ofu–2u RX scans at
small ~a! and large~b! angles for two layers of
Ag 800 Å thick deposited at room temperature,
and at liquid nitrogen on SiO2 .

FIG. 2. u–2u RX scan of a multilayer of the composition 50*
~40-Å FeNi/12-Å Ag!. ~a! Small-angle scan measured with Co ra-
diation (l Co51.7902 Å!. ~b! Large-angle scan measured with Cu
radiation (l Cu51.5418 Å!. Inset of ~b!: rocking curve around the
main line.
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II. INFLUENCE OF THE THICKNESS
OF THE SPACER Ag LAYERS

A series of multilayers of the composition Si/SiO2 5000
Å/~NiFe 25 Å/Ag tAg) 20 was prepared in order to study the
influence of the Ag thickness on the magnetic and transport
properties. A well-defined interval of Ag thickness~between
9 and 12.5 Å! has been determined in which an antiferro-
magnetic coupling exists between NiFe layers. In this range
of Ag thickness, giant magnetoresistance is observed. We
looked for a second antiferromagnetic peak around 20 Å of
Ag but could not find any. For comparison, with the same
preparation unit, we also studied~NiFe/Cu! multilayers, and
have been able to observe three peaks of antiferromagnetic
coupling.7 This means that the second peak of antiferromag-
netic coupling in~NiFe/Ag! certainly has a much weaker
intensity than in~NiFe/Cu! multilayers at least at room tem-
perature. Figure 4 shows the magnetoresistance of the series
of ~NiFe 25 Å/Ag tAg) 20 samples. No GMR is observed be-
low 9 Å and above 13 Å. The saturation field decreases
monotonously between 9.5 and 13 Å, while the GMR ampli-
tude shows a plateau in the range of Ag thickness in which
the coupling is antiferromagnetic. The variations of the satu-
ration field and GMR amplitude are shown in Fig. 5. As far
as the field sensitivity of the material is concerned, Fig. 5
shows that in order to have a highDR/R/H ratio, one had
better work at a Ag thickness which corresponds to the upper
edge of the magnetoresistance plateau. Sensitivity of the or-

der to 0.1–0.2 %/Oe have been obtained in as deposited
samples in these conditions.

III. INFLUENCE OF THE THICKNESS
OF THE MAGNETIC NiFe LAYERS

Several series of multilayers of the composition Si/SiO2
5000 Å/~NiFe tNiFe/Ag 12 Å! n with n510, 20, and 50 have
been prepared.tAg512 Å corresponds to an antiferromag-
netic coupling through the Ag. The magnetization curves and
magnetoresistance curves are presented in Figs. 6~a! and
6~b!. The magnetization curves are typical of predominantly
antiferromagnetic interlayer coupling. They are characterized
by no remnant magnetization and relatively large saturation
field ~large as compared to the saturation field of a single
layer of NiFe, which would be a few Oe!. The magnetization

FIG. 3. Comparison of the GMR properties of two samples of
the same composition~25-Å NiFe/12-Å Ag! both prepared at
liquid-nitrogen temperature, except that one has good thermal con-
tact to the substrate holder by indium solder~a!, and the other poor
thermal contact~Kapton! ~b!.

FIG. 4. Magnetoresistance at 300 K of a series of samples of the
composition~25-Å NiFe/tAg-Å Ag!20.

FIG. 5. Variation of the saturation field and of the GMR ampli-
tude in a series of samples of the composition Si/SiO2 5000
Å/~NiFe 25 Å/Ag tAg!20.

FIG. 6. ~a! Magnetization curves at room temperature for a se-
ries of multilayers of the composition~NiFe tNiFe/Ag 12 Å!20. In-
set: same data plotted in reduced unitsM /M sat vs H/Hsat showing
the scaling behaviors of these samples.~b! Magnetoresistance
curves at room temperature for the same series of samples.
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of the NiFe layers, deduced from the measurement of the
absolute moment of the multilayer versus the thickness of the
NiFe layer~Fig. 7!, is equal to 525 emu/cm3. For this deter-
mination, the thickness of the NiFe layers has been accu-
rately determined from the x-ray-diffraction scans of the
whole series of samples prepared in the same pump-down.
This value of magnetization is much smaller than that of
bulk Ni 80Fe20: 750 emu/cm3 at room temperature. The
magnetization of a single film of NiFe 600 Å thick prepared
in the same conditions is 722 emu/cm3, which is much
closer to the bulk value. Therefore, the low magnetization
obtained in the multilayered structure is probably due to
some internal strain effects and the lower density of the NiFe
in the multilayered structure. Furthermore, the curve repre-
senting the absolute moment versus the NiFe thickness of
each individual NiFe layer~Fig. 7! does not intercept the
origin. An offset of about 4 Å along thex axis is observed
which indicates a reduced moment at the interfaces. The
equivalent of 2 Å of NiFe is missing at each NiFe/Ag inter-
face. This may be ascribed to some intermixing between
NiFe and Ag at the interfaces, leading to the formation of a
thin paramagnetic interfacial layer.

When plotted in reduced unitsM /M sat versusH/Hsat the
magnetization curves show a very similar behavior@see the
inset of Fig. 6~a!#. A certain curvature exists in these curves
which can be interpreted in terms of biquadratic coupling.8

The exchange energy which couples two successive ferro-
magnetic layers through the Ag spacer layer is written8,9

Eex5JMs
2~12cos2u!1BMs

2~12cos4u!,

in which 2u is the angle between the magnetic moments of
the two considered magnetic layers,J the constant of bilinear
coupling, andB the constant of biquadratic coupling. Mini-
mizing the total energy

E5Eex~u!2HMstNiFecosu

leads to the following implicit variation ofM versusH:

H5S 4Ms

tNiFe
D @~4B2J!cosu28Bcos3u#.

A fit of the magnetization curves of Fig. 6~a! to this expres-
sion leads to values ofJMs

2 andBMs
2 almost independent of

the NiFe thickness and equal to20.004 and20.0008
erg/cm2, respectively. The coupling is therefore dominantly
antiferromagnetic for this Ag thickness. In particular, upon
the conditionJ/4B.1 being fulfilled, the stable magnetic
state in zero field is an antiparallel alignment of the magnetic
moments of the successive NiFe layers. The values of the
constantJ andB are in good agreement with those previ-
ously determined on similar NiFe/Ag multilayers prepared
by triode sputtering.5,9 As a consequence of the indepen-
dence ofJ and B from the NiFe thickness, the saturation
field is found to vary with the inverse NiFe thickness, as
shown in Fig. 8.10 Indeed, the saturation field is determined
from a balance between a volume energy~the Zeeman en-
ergy which is the energy associated with the coupling of the
magnetic moment of the NiFe layers to the applied magnetic
field! and a surface energy~the interlayer coupling through
the nonmagnetic spacer layer!.

The magnetoresistance~MR! curves of this series of
samples measured at room temperature are plotted in Fig.
6~b!. The MR amplitude goes through a maximum for an
intermediate thickness of the NiFe layers of the order of 25
Å. The MR amplitude versustNiFe is plotted in Fig. 9. It can

FIG. 7. Variation of the absolute magnetic moment at 300 K vs
the thickness of the NiFe layers for a series of multilayers of the
composition@NiFe tNiFe/12-Å Ag#20.

FIG. 8. Variation of the saturation in field vs the thickness of the
NiFe layers in the same series of multilayers of the composition
@NiFe tNiFe/12-Å Ag#20 as in Figs. 6 and 7. Inset: saturation field vs
(tNiFe)

21.

FIG. 9. Variation of the giant magnetoresistance amplitude mea-
sured at 300 K vs the thickness of the NiFe layers. These data are
deduced from Fig. 6~b!. The solid line is a fit of the data according
to the phenomenological formula~1! ~see text!.
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be fairly well fitted by the following phenomenological
formula:11

GMR~ tNiFe!5S DR

R D
0

F12expS 2
tNiFe
l ↓

D G
S 11

tNiFe
t0

D . ~1!

In this expression, the numerator is related to the probability
for a spin-down electron to be scattered as it traverses a
ferromagnetic layer, while the denominator is related to the
increasing shunting of the current in the ferromagnetic layer
as the NiFe thickness is increased. The value ofl ↓ ~8.4 Å!
deduced from the fit gives an estimate of the mean free path
of the spin-↓ electrons in the NiFe layers. The normalization
constant (DR/R)0 depends on the couple of ferromagnetic/
nonmagnetic (F/NM! materials and on the thickness of the
nonmagnetic spacer as well as on the number of periods.

Regarding the field sensitivity of the material, Fig. 6~b!
shows that although the maximum GMR amplitude is ob-
tained at low NiFe thickness, the maximum GMR slope
DR/R/H is reached at large NiFe thicknesses. This is illus-
trated in Fig. 10. The GMR sensitivity of the material de-
fined ass5(DR/R) sat/Hsat can be very well represented by
the following expression resulting from the combination of
expression~1! and the dependence of saturation field on in-
verse NiFe thickness:

s~ tNiFe!5smax

tNiFeF12expS 2
t NiFe
l ↓

D G
S 11

t NiFe
t0

D . ~2!

Sensitivity on the order of 0.1%/Oe is obtained in these as-
deposited samples. This sensitivity increases after annealing
up to 250 °C, which is a quite interesting point for applica-
tions in microelectronics.4

We also studied the influence of the number of periods on
the transport properties. For that purpose, three similar series
of ~NiFe tNiFe/Ag 12 Å!n multilayers have been prepared
with n510, 20, and 50. The results are plotted in Fig. 11,
which represents the GMR amplitude versus the NiFe thick-
ness in these three series of samples. The solid lines are fits

according to expression~1!. The GMR amplitude increases
with the number of periods. This is due mainly to the reduc-
tion of the relative role of the diffuse scattering at the outer
surfaces as the thickness of the multilayered structures in-
creases. The optimal thickness of the NiFe layers~the thick-
ness which gives the maximum GMR amplitude! does not
depend much on the number of periods in the range of values
of n investigated.

IV. QUANTITATIVE INTERPRETATION
WITHIN CAMLEY AND BARNAS THEORY

Various classical12–18 or quantum statistical19,20 theoreti-
cal approaches have been proposed to interpret the spin-
valve MR. Most of them rely on the same physical picture
based on the existence of spin-dependent scattering centers
located at the interfaces or in the bulk of the magnetic layers.
Others emphasize the role of spin-dependent potential barri-
ers between the adjacent layers18 or focus on the role of
interfacial random potentials due to intermixing21 at the
F/NM interfaces.

The theoretical approach which is the simplest for experi-
mentalists is certainly the Fuchs-Sondheimer-type theory ini-
tiated by Camley and Barnas.12 The meaning of the param-
eters which are introduced in the theory is simple to
understand: these are the mean-free paths of the spin-↑ and
spin-↓ conduction electrons in the various layers and the
transmission and/or reflection coefficients at the interfaces.
The principle of the theory, which is based on the solution of
the Boltzmann equation of transport, has been explained in
detail in Refs. 12–18. This approach has been used success-
fully to interpret quantitatively the transport properties
~resistivity and magnetoresistance! of spin-valve sand-
wiches.22,23 In their initial theory, Camley and Barnas took
into account interfacial spin-dependent scattering only.12

Later, the following improvements to their initial model were
proposed.

~i! A contribution to the spin-dependent scattering origi-
nating from the bulk of the ferromagnetic layers was taken
into account.13,15,16

~ii ! A dependence of the transmission coefficients (T) on
the incidence of the conduction electrons with respect to the

FIG. 10. GMR sensitivity at RT vs the NiFe thickness in the
same series of multilayers of the composition~NiFe tNiFe/12-Å
Ag!20 as in Figs. 6–9. The solid line is a fit of the data according to
expression~2! ~see text!.

FIG. 11. GMR amplitude at room temperature vs the NiFe
thickness in three series of multilayers of the composition:~NiFe
tNiFe/Ag 12 Å!n , with n510, 20, and 50. The solid lines are fit
according to expression~1! ~see text!.
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normal to the interfaces was introduced.17 This coefficient is
assumed to vary as:T(cosu)5T0

1/cosu , whereu represents the
angle of incidence of the conduction electrons with respect to
the normal to the interfaces andT0 (0,T0,1) is the trans-
mission coefficient for a normal incidence.

~iii ! Potential barriers between adjacent layers was
introduced.18 These potential barriers result from the differ-
ence in energy between the Fermi energy and the bottom of
the conduction bands in the adjacent materials. They lead to
reflection and refraction of the conduction electrons at the
interfaces.

~iv! A well-known problem raised by the Fuchs-
Sondheimer theory is the divergence of the conductivity of a
thin metallic film, in which diffuse scattering occurs on the
outer surfaces, when the bulk mean free pathl goes to in-

finity. This effect is due to electrons which travel parallel to
the interfaces. Such divergences, which do not exist in quan-
tum theories,24 lead to an underestimation of the scattering
by the interfaces for very thin layers. However, the semiclas-
sical model can be greatly improved with respect to this
problem by introducing a cutoff in the incidence of the con-
duction electrons so that electrons are not allowed to travel
parallel to the interfaces. The cutoff angleuc is given by19

cosuc5arccosS 1

AlkF
D .

Following this approach with the improvements listed in
points~i!, ~ii !, and~iv!, we fitted our experimental data of the
variation of the resistivity and absolute magnetoresistance
~expressed as the absolute change of sheet conductance be-
tween the parallel and antiparallel magnetic configurations25!
versus the thickness of the NiFe layers. The parameters of
the fits are~a! the mean free pathsl↓ and l↑ in the NiFe
layers,~b! the transmission coefficientsT0↓ andT0↑ through
the NiFe/Ag interfaces~and later on, through the NiFe/
Co/Ag interfaces!, and~c! the mean free path in the Ag layer:
lAg↓5lAg↑ . As usual in these approaches for in-plane
GMR, there are many adjustable parameters as compared to
the amount of data to be fitted. The solution is therefore not
unique. Our goal was therefore to determine the region in the
four dimension parameter space (l↓ , l↑ , T0↓ , T0↑), in
which it was possible to fit our data of resistivity and mag-
netoresistance with the same set of parameters. The main
result is that, in order to obtain good fits, both a bulk scat-
tering asymmetry in the NiFe layers (a5l↑ /l↓) as well as
an interfacial scattering asymmetry at the NiFe/Ag interfaces
@b5(12T0↑)/(12T0↓)# must be considered. The sum of
these two asymmetries is determined with good accuracy.
However, the exact balance between the bulk and interfacial
asymmetries is not easy to determine from the present data.
Perpendicular-to-the-plane transport experiments provide a
more straightforward way of discriminating between interfa-
cial and bulk spin-dependent scattering.26 Figure 12 shows
the region in the (a,b) plane in which a good fit of the data
could be obtained. Table I gives values of the parameters
(l↓ ,l↑ ,T0↓ ,T0↑) for the three points marked in Fig. 12.
Figure 13 shows examples of fits of both the resistivity at
saturation and absolute magnetoresistance obtained for a va-
riety of values of thea and b parameters inside the grey
region of Fig. 12. It turns out that a fairly accurate determi-
nation of the parameters associated with the weakly scattered
electrons~spin-↑ electrons for NiFe! can be made, while a
larger uncertainty exists on the parameters associated with

TABLE I. Parameters deduced from the fit of both the absolute
magnetoresistance and resistivity of a series of@25-Å NiFe/t Å
Ag#20 multilayers.a, b, andc correspond to three different points
of the dashed area in Fig. 12, in which good fits can be obtained.

a b c

l↑ ~Å! 75 72 64
l↓ ~Å! 5 8 16
T0
↑ 0.75 0.75 0.78

T0
↓ 0.3 0.1 0

FIG. 12. Region in the (a,b) plane in which a good fit to the
experimental data could be obtained.a is the bulk asymmetry of
the scattering,b the interfacial asymmetry of the scattering.

FIG. 13. Examples of fits of both the absolute magnetoresis-
tance and resistivity at room temperature in the series of samples of
the composition@ tNiFe Å NiFe/12-Å Ag#20. The solid lines are the
experimental curves. The parameters are taken in the dashed region
of Fig. 12.
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the strongly scattered electrons. If a strong scattering of the
spin-down electrons is introduced in the bulk of the NiFe
layers, then a weaker scattering has to be introduced at the
interfaces, and vice versa. However, it is not possible to fit
our data correctly without taking into account any spin asym-
metry in the bulk of the layer.

V. INTRODUCTION OF THIN LAYERS OF Co
AT THE NiFe/Ag INTERFACES

We next studied the influence on magnetic and transport
properties by the introduction of thin Co layers at the
NiFe/Ag interfaces. In previous studies on NiFe/Cu-based
spin valves and multilayers,22,27,28a strong enhancement of
the GMR amplitude and of the interlayer coupling energy
had been observed. We wanted to see if similar phenomena
occurred in~NiFe/Ag! multilayers. We prepared a series of
multilayers comprising ten periods of the composition
@Co tCo/NiFe ~25 Å-2tCo)/Co tCo/Ag 13 Å#. The total thick-
ness of the magnetic layers was kept constant, equal to 25 Å.
The thickness of the Ag layer was chosen such that the mag-
netic layers were coupled antiferromagnetically. Figure 14
shows the magnetoresistance of these samples at room tem-
perature. A very large increase in the GMR amplitude@a
doubling of the amplitude at room temperature~RT!# is ob-
served when 1 ML of Co is introduced at the NiFe/Ag inter-
face. Correlatively, the saturation field increases by a factor 4
~see Fig. 15!. These results are quite similar to those ob-
tained on NiFe/Cu multilayers,22,27,28which is not very sur-
prising considering the similarity in the band structures of Cu
and Ag. From a more quantitative point of view, we tried to
analyze in more detail the origin of the enhancement of
GMR caused by the interfacial Co layer. Table II gives the
resistivity at saturation of the considered series of samples,
as well as the absolute magnetoresistance~expressed as the
absolute change of sheet conductance between the parallel
and antiparallel magnetic configurations!. This table shows
that the saturation resistivity decreases quite significantly as
one monolayer of Co is introduced at the NiFe/Ag interfaces.
A quantitative analysis of these variations of resistivity and
magnetoresistance, using the semiclassical approach pre-
sented above, leads to the conclusion that the increase of
GMR amplitude is due to a significant increase in the trans-
mission of the spin-up electrons through the NiFe/Co/Ag in-

terface as compared to the transmission though the NiFe/Ag
interface. Quantitatively, an increase of the transmission
from T0↑50.75 for a NiFe/Ag interface toT0↑50.9 for a
NiFe/Co/Ag interface can explain the measured data. In con-
trast, the resistivity and GMR amplitude do not depend much
on the exact value of the transmission of the highly scattered
electrons, so that the decrease in the resistivity and increase
in GMR amplitude cannot be explained by a change in the
transmission of the spin-down electrons.

In order to understand the change in the transmission of
electrons~especially of the spin-up electrons! through the
interfaces caused by the introduction of one interfacial
monolayer of Co, we have measured the magnetization
curves and GMR of two similar samples, one without Co
~sample A!, the other with an interfacial monolayer of Co
~sample B! as a function of the temperature. The results are
plotted in Figs. 16 and 17. From the magnetic measurements,
a steeper decrease in saturation magnetization is observed for
the sample without Co@Fig. 17~a!#. Furthermore, the satura-
tion field of sample B almost does not change with tempera-
ture while it changes by a factor 2 between 4 and 300 K for
sample A. Regarding the transport properties, a steeper de-
crease in GMR amplitude with temperature is observed for
the sample without Co~A! than for the other. The GMR

TABLE II. Resistivity at saturation of the considered series of
samples, as well as the absolute magnetoresistance~expressed as
the absolute change of conductance between the parallel and anti-
parallel magnetic configurations!.

Co thickness~Å! 0 0.5 1.5 2 7
Resistivity (mV cm! 32.2 29.7 24.4 21.5 25.07
DG (mV cm!21 0.81 1.23 1.79 2.31 2.30

FIG. 14. Magnetoresistance at 300 K of a series of multilayers
comprising ten periods of the composition:@ tCo Å Co/~25-2tCo) Å
NiFe/tCo Å Co/12.8-Å Ag#.

FIG. 15. Variation of the saturation field~a! and of the GMR
amplitude~b! vs the thickness of the Co layer in the same series of
samples as in Fig. 14. The solid lines are fits according to the
phenomenological formula given in the figures.
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amplitude of sample B is only 20% higher than that of
sample A at 4 K, while it is 100% higher at room tempera-
ture. Correspondingly, the saturation magnetization drops by
30% in sample A while it decreases by 10% in sample B. All
these experimental observations can be interpreted by con-
sidering that the role of the Co interfacial layer is to reinforce
the magnetic order at the NiFe/Ag interface, so that the in-
terfacial magnetization decreases less rapidly with tempera-
ture. As a result, there is less interfacial scattering by mag-

netic fluctuations at room temperature at the NiFe/Co/Ag
interfaces than at the NiFe/Ag interfaces. The idea that non-
ferromagnetic atoms present at Ni/Cu or NiFe/Cu interfaces
in sputtered spin-valve magnetoresistive layered structures
can cause a significant reduction of magnetoresistance has
already been proposed by various authors.29,30 Furthermore,
according to this physical picture, the polarization of the
conduction electrons in Ag induced by the adjacent magnetic
layers would decrease less rapidly with temperature in
sample B than in sample A. Since this polarization is directly
related to the strength of the antiferromagnetic coupling, this
would be consistent with our experimental observation of a
slower thermal decrease of the saturation field in sample B
than in sample A.

Concerning the interlayer coupling, Fig. 18 represents the
variation in the GMR amplitude and in the saturation field
versus the Ag thickness for a series of samples of the com-
position ~Co 2 Å/NiFe 21 Å/Co 2 Å/AgtAg) 10. An antifer-
romagnetic coupling through the Ag layer is observed in the
interval of Ag thickness from 9 to 14.5 Å. The first antifer-
romagnetic peak is therefore significantly broader with the
interfacial layers of Co than without these layers. While the
lower limit is approximately the same with and without Co,
the upper limit shifted from 12.5 to 14.5 Å. Such a shift in
the position of the peak of antiferromagnetic coupling with
the nature of the magnetic layers is in agreement with the
theory of Bruno and Chappert.31 The increase in the intensity
of the coupling indicates that the polarization of the conduc-
tion electron within the Ag layer induced by the Co adjacent
layers is certainly much higher than that induced by NiFe.

In conclusion, we have studied the magnetic and transport
properties of sputtered NiFe/Ag and Co/NiFe/Co/Ag multi-
layers. The first peak of antiferromagnetic coupling has been
clearly observed in the two series of multilayers. The peak is
broader and slightly shifted toward larger thicknesses with
the interfacial layer of Co than without. In antiferromagneti-
cally coupled~NiFe/Ag! multilayers, a maximum of GMR
amplitude is observed for a NiFe thickness of 22 Å. How-
ever, the maximum sensitivityDR/R/H is obtained at larger
thicknesses~above 80 Å!. The data have been analyzed
quantitatively using a semiclassical approach. Both bulk and
interfacial spin-dependent scattering must be considered, but
the balance between the two is not easy to determine from
current-in-plane measurements only. The introduction of thin
interfacial Co layers at each NiFe/Ag interface leads to a

FIG. 16. Comparison of the magnetization curves of two
samples of the composition,~a! one without interfacial Co layers
@~NiFe 25 Å/Ag 12 Å!20#, and~b! with interfacial Co layers@~Co 2
Å/NiFe 21 Å/Co 2 Å/Ag 12 Å!20# measured at various tempera-
tures.

FIG. 17. Thermal variation of the saturation magnetization~a!
and of the GMR~b! of the two same samples as in Fig. 16, one
without Co, the other with a monolayer of Co introduced at each
NiFe/Ag interface.

FIG. 18. Variation of the GMR amplitude, and of the saturation
field at room temperature vs the thickness of the Ag layer in a series
of multilayers comprising ten periods of the composition:~Co 2
Å/NiFe 21 Å/Co 2 Å/Ag tAg).
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large increase in the GMR amplitude and saturation field.
The increase in GMR is due to an increase in the transmis-
sion of the spin-up electrons through the interfaces associ-
ated with a reinforcement of the magnetic ordering at the
interfaces by the Co layers~reduction of the interfacial mag-
netic fluctuations!.
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