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Structural, magnetic, and magnetotransport properties of NiFe/Ag
as-deposited multilayers for variable NiFe and Ag layer thickness

C. Christides,a) S. Stavroyiannis, and D. Niarchos
Institute of Materials Science, NCSR ‘‘DEMOKRITOS,’’ 153 10 Agia Paraskevi, Attiki, Greece

~Received 16 April 1996; accepted for publication 11 July 1996!

Superstructure refinement analyses of x-ray-diffraction data, magnetotransport, and hysteresis
measurements were performed in Ni81Fe19/Ag ultrathin multilayers. A ferromagnetic coupling and
oscillations of coercivityHc and residual magnetizationMr at 5 K have been observed as a function
of Ag layer thickness. The observed residual stresses in NiFe layers which induce prefera
magnetic easy-axes distributions along the strain direction are related with bulk spin-depend
scattering in individual layers for this type of giant magnetoresistive systems. ©1996 American
Institute of Physics.@S0021-8979~96!02320-1#
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I. INTRODUCTION

In NiFe/Ag discontinuous multilayers~DML !, consistent
annealing is required to produce consistent grain s
distributions1,2 for optimization of the giant magnetoresistiv
~GMR! effect~'5% at RT!. A systematic change in the satu
ration magnetostrictionls and GMR have been observed3 as
a function of annealing temperatureTan. The increase ofls
from negative to positive values as a function ofTan suggests
that the films are under tensile stress in the as-depos
state. This stress is gradually reversed with annealing and
ls'0 the GMR is maximum. It is believed that the relieve
intralayer strain effects accompanied by grain-bounda
separation in NiFe layers, after annealing at 340 °C, give r
to micromagnetic changes that favor an increased interla
antiferromagnetic~AF! exchange couplingJAF .

The observed oscillations in GMR of Ni81Fe19/Cu ~Ref.
4! and Co/Cu~Ref. 5! multilayers as a function of Cu space
thickness, measured at 4.2 and 300 K, provide evidence
the dependence ofJAF from the saturation magnetizationMs

in magnetic layers. In both cases at 4.2 K well-defined os
lations in GMR are found for increasing Cu thickness. F
the Co/Cu system similar oscillations are found at all te
peratures from below 4.2 K to above 400 K whereas
NiFe/Cu only a single oscillation is observed at RT for ma
netron sputtered multilayers. This might be a consequenc
the AF coupling since in the former systemJAF at the first
oscillation peak weakens by only 25% between 4.2 and 3
K, whereas in the latterJAF changes by a factor of 2.5. Sinc
JAF is related toMs , the saturation fieldHs , and thicknesstF
of the magnetic layers as6 JAF'2HsMstF/4, it is reasonable
to argue that in NiFe/Cu multilayers at low temperature
where the AF coupling is considerably stronger, it is like
that more oscillations in coupling will be observed than
higher temperatures where the coupling may be weak co
pared to direct FM coupling via defects. As-deposit
NiFe/Au multilayers7 exhibit oscillatory variations in satura
tion MR as a function oftAu at RT and present the larges
magnetic field sensitivities yet reported. However, the es
mated JAF is much weaker than in similarly prepare
NiFe/Cu and NiFe/Ag multilayers. Consequently, for th
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category of NiFe/NM~NM5Cu, Ag, Au! multilayers the
importance ofJAF in the GMR effect has to be reconsidered

In the present study, Ni81Fe19/Ag multilayers are exam-
ined with x-ray-diffraction ~XRD! data analysis at high
angles, MR measurements at RT and 5 K, and magne
hysteresis loops measurements at 5 K for the as-deposited
samples. Although a significant change of the MR effect ha
been observed at 5 K AF layer coupling at any temperature
was not observed.

II. PRELIMINARY DETAILS

A. Experimental details

Metallic disks of Ni81Fe19 stoichiometric alloy and Ag,
with diameter 5 cm and 99.99% pure, were used as targ
materials for magnetron sputtering deposition. Multilayers o
Ag~40 Å!/@NiFe(t)/Ag~tAg!#20—with nominal thicknesst f
515,20,25,30 Å andtAg510–50 Å with step 10 Å—were
deposited on ap-type Si~100! substrate, 300mm thick, at
;40 °C in a chamber with base pressure of 631027 Torr
under an Ar~99.999% pure! pressure of 3 mTorr. The sub-
strates were cut before deposition in dimensions of 1234
mm2. A rf magnetron gun operating at 30 W with a deposi
tion rate of 1 Å/s for NiFe and dc sputtering at 10 W result
ing in 2.2 Å/s of Ag was used. XRD spectra were collecte
with a SIEMENS D500 powder diffractometer using CuKa
radiation at ambient temperature. MR measurements we
performed with the four-point-probe method, using a dc cu
rent of 50 mA. Magnetic hysteresis loops were measure
with a Quantum Design MPMSR2 superconducting quantu
interference device~SQUID! magnetometer. These measure
ments were performed in the desired temperature by app
ing first the maximum positive fieldH parallel to film plane
and then finishing the loop. Afterward the sample was take
out of the SQUID~RT! to mount it in the vertical position on
the probe for the perpendicular to film field direction and
then it was zero field cooled to start the measurement fro
the highest field first.

B. XRD analysis

The observed spectra were fitted by using the superla
tice refinement~SUPREX! program developed8,9 to allow a
96/80(8)/4512/7/$10.00 © 1996 American Institute of Physics
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quantitative comparison between the model calculations
the measured profiles. Since our low-angle~2q,7°! ob-
served profiles are not reliable for quantitative analysis o
the high-angle satellite~HAS! peaks are used. For conve
nience, the HAS peak positions are usually indexed about
average lattice constantd̄:

2 sinq

lx
5
1

d̄
6
n

L
, ~1!

wheren is an integer that labels the order of the satell
around the main Bragg peak,lx is the wavelength of x rays,
L5t f1tAg1t i ~t i is the interface thickness!, and
d̄5L/~NA1NB!, with NA and NB the number of atomic
planes of material A and B in one bilayer. From the pe
positions d̄ and L can be determined directly. The mode
uses a general kinematical one-dimensional diffraction f
mula, which includes random continuous and discrete fl
tuations from the average structure and for which only t
structure factor of one single layer of each material has to
averaged. A nonlinear fitting algorithm is used to fit the e
tire XRD profile, i.e., peak positions, relative intensities, a
the line profiles.9 The crystalline layer is described byN
atomic planes which are separated by a lattice constand.
The distribution of the number of planesNj andd is given
by a discrete distribution about the mean values with wid
s. For every layer three atomic planes near the interface
allowed to expand or contract an amountDd1e

2na and
Dd2e

2na on the bottom and top, respectively, whe
n50,1,2 corresponds to atomic planes away from the int
face. The parametera is a constant that determines the dec
of the strain away from the interface and is typically assum
to be 0.55. For a lattice-mismatched incoherent interface,
interface distanced ~structural roughness! varies in a con-
tinuous manner, described with a Gaussian distribution ab
an average value, and the interface fluctuation~disorder! is
the widthc of the Gaussian. These interface-related para
eters account for the estimation oft i . Two pure Lorentz
functions with identical height, mean, and width were co
voluted to account for the limited instrumental resolution
the line shapes of Bragg peaks. A constant background
tensity I b51 and a chi-square fitting with weighting facto
0.5 were used for the calculation of the direct XRD patte

III. EXPERIMENTAL RESULTS

A. XRD results

The variation of the higher-angle diffraction patterns
the vicinity of ^111& and ^222& Ag superlattice peaks is dis
played in Figs. 1 and 2 fort f'20 Å as a function oftAg and
for tAg'40 Å versust f , respectively. The solid line is the
calculated profile fromSUPREX refinement and the obtained
parameters are listed in Table I. The observed spectra dis
two important features, as follows.

First, the intensityI n of then50 Bragg peakI 0 is insen-
sitive for the samples witht f'20 Å as a function of Ag
thickness while for those with fixedtAg'40 Å I 0 tends to
zero ast f increases from 16 to 25 Å andI22 becomes stron-
ger at the same time. FortAg540 Å andt f530 Å, I 0 almost
disappears while theI21 and I22 components become very
J. Appl. Phys., Vol. 80, No. 8, 15 October 1996
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intensive. It is known that interface roughness effects, suc
as layer thickness fluctuations and interfacial diffusion, ca
cause damping, broadening, and shifting of thenÞ0 satellite
peaks but they cannot reduce then50 peak to be less inten-
sive from the satellites. Therefore, stress effects are respo
sible for the damping ofI 0 peak.

Second, in Ag^222& peak position there is a double
Bragg reflection fort f516 Å which merges to a single peak
as the NiFe layer becomes thicker for constanttAg'40 Å.
For t f'20 Å as a function oftAg , the Ag ^222& peak is lost
in the background fortAg513 and 19 Å while only for
tAg542 Å is an additional reflection clearly seen. Note tha
the diffraction pattern fortAg542 Å andt f518 Å appears in
both Figs. 1 and 2 for a better comparison. Consequent
residual stresses and nucleation of Ag grains through NiF
grain-boundary diffusion4,5 might be related to the observed
variations of the spectra.

The estimated values fromSUPREXfor the lattice expan-
sion of the atomic planes of NiFe and Ag near the interfac
are plotted in Fig. 3. The zero layer in Fig. 3 corresponds t
the bilateral plane that separates the first atomic layer of ea
component at the interface. The displayed lattice relaxatio
is calculated by adding todf or dAg values in Table I the
correspondingDd1e

2na ~open symbol! andDd2e
2na ~solid

symbol! parameters for every layer~n50,1,2!. The four-
layer in Fig. 3 corresponds todf or dAg values from Table I.

FIG. 1. XRD profiles for different Ag layer thickness. The solid line is a fit
from SUPREX. The position of the zeroth-order satellite peak is marked with
I 0. The displayedtAg values are taken from Table I.
4513Christides, Stavroyiannis, and Niarchos
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Only for the sample with NiFe~21 Å!/Ag~13 Å!, where
NAg,7, it is assumed:Dd15Dd2 for every layer, because
there is a direct correlation withdf or dAg that gives large
uncertainties in the final results. For this sample the roug
ness parameterd is close to the~df1dAg!/2 value.

In Fig. 3 there are two major results, as follows:
~i! The expansion of the NiFe layer is always conside

ably large~;0.4 Å! compared to the moderate relaxation o
Ag ~;0.1 Å! except fort f521 Å andtAg513 Å wheredAg
seems to contract at the interface due to the imposed c
strainDd15Dd2 described above. The large NiFe interfac
expansion may arise from both strain effects and varied al
composition. Forg-~Ni,Fe! phases~JCPDS, No. 23-297! the
lattice constant varies from 3.5956 Å~d11152.076 Å for 39

FIG. 2. XRD profiles for different NiFe layer thickness. The position of th
zeroth-order satellite peak is marked withI 0. The solid line is a fit from
SUPREX. The displayedt f values are taken from Table I.
4514 J. Appl. Phys., Vol. 80, No. 8, 15 October 1996
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at. % Ni! to 3.5238 Å~d11152.034 Å for Ni 100%!. These
values are considerably smaller to those obtained and the
fore strain effects are eminent at interfaces.

~ii ! For thinner NiFe~,25 Å! and Ag ~,45 Å! layers
the expansion on the top of every layer~dark symbol! is
more pronounced relative to bottom which imply that the
multilayer film has a concave bending relative to Si sub
strate. Since a lattice expansion is apparent in both the t
and bottom of the NiFe and Ag layers, their presence can
explained by misfit dislocations and/or atomic intermixing o
NiFe with Ag atoms. The fact that the refined roughnes
parameterd is always less than the average~df1dAg!/2
value ~see Table I! is an indication that chemical interdiffu-
sion occurs. However, NiFe and Ag are immiscible and
hence, the interdiffusion can be considered here as a pene
tion of atoms into grain boundaries at the interface.

e

FIG. 3. Estimated values fromSUPREX for the lattice expansion of the
atomic planes of NiFe and Ag near the interface.
TABLE I. Refined parameters fromSUPREX. The parameters are explained in the text.

Sample df ~Å! dAg ~Å! Nf ~Å! NAg ~Å! t f ~Å! tAg ~Å! d ~Å! c ~Å! L ~Å! s (Nf) s ~NAg!

NiFe~20 Å!/Ag~10 Å! 2.064 2.367 11.054 6.675 21.385 13.06 2.26 0.50 38.97 0.12 2
NiFe~20 Å!/Ag~20 Å! 2.060 2.355 10.21 8.82 20.22 18.77 1.79 0.31 42.57 0.13 2.43
NiFe~20 Å!/Ag~30 Å! 2.070 2.355 10.68 12.65 21.35 27.70 1.78 0.30 52.62 0.26 2.70
NiFe~20 Å!/Ag~40 Å! 2.048 2.354 9.05 18.69 18.04 41.99 1.59 0.26 63.21 0.31 2.36
NiFe~20 Å!/Ag~50 Å! 2.049 2.357 10 22.33 19.66 50.81 1.65 0.28 73.77 0.91 2.95
NiFe~15 Å!/Ag~40 Å! 1.994 2.346 8.17 18.76 15.90 41.98 1.84 0.28 61.57 0.32 2.91
NiFe~25 Å!/Ag~40 Å! 2.081 2.366 12.25 19.01 24.68 42.89 1.48 0.07 70.53 1.37 3.10
NiFe~30 Å!/Ag~40 Å! 2.060 2.399 14.97 21.52 30.05 48.28 1.90 0.39 82.14 0.50 2.2
Christides, Stavroyiannis, and Niarchos



or

n

i-

ld

les.
ties
e-

s:

e
T
-

e.
For thicker layers the strain effects, in NiFe~30 Å!/
Ag~48 Å!, are likely to equilibrate since the expansion of th
bottom Ag layer exceeds that on top and vice versa for
NiFe layer. This results to a better matching of NiFe/A
layers~see left-hand bottom in Fig. 3! by creating tensile and
compressive interlayer strain in NiFe and Ag layers, resp
tively. The change in intensities of the superstructure patt
~Fig. 2 bottom! clearly shows the difference. A possible in
terpretation of changes in elastic strain with increasing thic
ness is the approach10 to critical thicknesstc , thatdf anddAg
relax to its bulk crystal spacing. As seen in Table I the r
laxeddf anddAg values are close to bulk values 2.048 an
2.359 Å, respectively, only for the NiFe~20 Å!/Ag~40 Å!
sample. An alternative explanation fit better with the study
microstructure and magnetoelastic~ME! coupling coeffi-
cients in ultrathin Ni80Fe20/Ag films by Song, Kim, and
O’Handley.11 It is observed that the effective ME coeffi
cientsBeff of polycrystalline films have a surface depende
component which varies inversely with film thicknesst f .
This component can change the sign ofBeff and dramatically
increase its magnitude fort f<26 Å, while it is close to zero
for t f'30 Å.

In NiFe~20 Å!/Ag~51 Å!, while there is a more pro-
nounced expansion of bottom NiFe layer that matches
expansion of top Ag, a mismatch of top NiFe and bottom A
appears. Since interfacial roughness is still experimenta
difficult to distinguish from interfacial diffuseness, th
present data are not sufficient to provide a complete exp
nation of interface structural modulation.

FIG. 4. MR measurements at RT for NiFe(t f)/Ag~40 Å! as-deposited films,
with the external magnetic-field direction parallel~right-hand side! and per-
pendicular~left-hand side! to film plane.
J. Appl. Phys., Vol. 80, No. 8, 15 October 1996
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B. MR results

In Figs. 4 and 5 are shown MR measurements at RT f
NiFe~t f!/Ag~40 Å! and NiFe~20 Å!/Ag ~tAg! as deposited
films, respectively, with the external magnetic-field directio
parallel ~right-hand side! and perpendicular~left-hand side!
to film plane. It is observed~Fig. 4! that the MR effect is
isotropic for t f516 Å while the maximum MR is achieved
for NiFe~18 Å!/Ag~42 Å!, which shows a characteristic
sharpening of the curve around zero field in the parallel d
rection. There is only one maximum ofDR/R at zero field
and the rounding of the curve for the perpendicular fie
direction is caused from film shape anisotropy.

MR measurements were performed at 5 K and the ob-
served curves are shown in Fig. 6 for some selected samp
A considerable change in the response of transport proper
to magnetic field variation occurs relative to RT measur
ments. For NiFe~18 Å!/Ag~42 Å! the effect is almost isotro-
pic. Two common features appear in these measurement

~i! Saturation of the MR effect is not achieved and ther
is a linear decrease with increasing field above 0.5
~the linear variation might be attributed to superpara
magnetic NiFe particles!;

~ii ! two maximum values ofDR/R exist for nonzero
negative and positive fields.

Note that the maximum MR effect, of 1.5% at RT for
Hs5100 Oe, has been observed for NiFe~20 Å!/Ag~40 Å!
after 3 h annealing at 400 °C, in a vacuum-sealed Pyrex tub
In all annealed samples a coercive fieldHc was apparent in
the maxima ofDR/R loops.

FIG. 5. MR measurements at RT for NiFe~20 Å!/Ag~tAg! as-deposited films,
with the external magnetic-field direction parallel~right-hand side! and per-
pendicular~left-hand side! to film plane.
4515Christides, Stavroyiannis, and Niarchos
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C. Magnetic hysteresis

Isothermal SQUID magnetic measurements were p
formed with the field applied parallel~H i! and perpendicular
~H'! to the film plane at 300, 100, and 5 K. The loop sha
was characteristic of ferromagnetically~FM! coupled mate-
rial without any detectable coercive fieldHc above 100 K.
Figures 7 and 8 display the observed loops at 5 K where a
significantHc has been observed. It is worth noting that for
pure Ni81Fe19 ~1000-Å-thick! film on Si~100!, no coercivity
more than;1 Oe was observed at any temperature. A co
parison of loops, withH i , for samples with variabletAg ~Fig.
7, left-hand side! to those with variablet f ~Fig. 8, left-hand
side! shows thatHc remains higher than 10 Oe and oscillate
as a function oftAg ~Fig. 9! while a decrease from 24.4 Oe t
a bottom value of'4 Oe is observed for increasingt f . For
H' the loop shape is similar to that expected for uniax
particles with their easy axes~EA! randomly oriented12 with
an exception for NiFe~20 Å!/Ag~40 Å! and NiFe~25 Å!/
Ag~40 Å!, where rotation of magnetic moments out of film
plane is ‘‘easier’’ and the shape anisotropy does not mod
the loop like in the other samples. For both samples, withH'

geometry,Hc'16 Oe is obtained with a reduced remanen
Mr /Ms50.18 and 0.03 fort f520 and 25 Å, respectively.
The variation ofdf from Table I,Hc , andMr /Ms as a func-
tion of tAg and t f at 5 K is presented in Fig. 9. The resem
blance ofdf andHc oscillations is seen as a function oftAg
but not for variablet f . The dependence ofdf andHc with t f
in Fig. 9 indicates that there is not a direct relationship b
tween them caused from variable strain. Here, fordf larger
than the relaxed 2.048 Å valueHc approaches a low limit as

FIG. 6. MR measurements at 5 K for selected NiFe/Ag as-deposited films
with the external magnetic-field direction parallel~right-hand side! and per-
pendicular~left-hand side! to film plane.
4516 J. Appl. Phys., Vol. 80, No. 8, 15 October 1996
er-

pe

a

m-

s
o

ial

ify

ce

-

e-

a function of t f probably due to proportionality ofHc with
the anisotropy fieldHA~5aK/Ms , a is the grain shape and
domain-dependent constant! in a first approximation. The
reported13 variation ofMs with t f ~for t f,50 Å! may explain
the observedHc vs t f dependence. Since our XRD analysis
exclude the possibility of ‘‘bridging’’ among NiFe layers
through Ag, that might varyHc as well, variations inHc and
df with tAg can be understood in terms of stress-induce
anisotropy in ultrathin magnetic films.

For thin films it is realized, with qualitative reasoning,
how stress-induced reorientation of magnetization on th
hysteresis loop parameters infers reduction or increase ofMr

andHc .
14 In this case it is assumed that the initial films are

roughly isotropic; this means that the local anisotropy, whic
determines the domain structure~crystalline and local stress
anisotropy!, has an isotropic distribution of the local intrinsic
EA for an assembly of noninteracting domains. Accordingly
it is shown15 that in Ni films the effect of stress on the coer-
cive force can be understood by considering two differen
micromagnetic reversal processes: irreversible rotation a
domain-wall motion. Using these two mechanisms for mag
netization reversal and the influence of the magnitude of th
antiferromagnetic coupling the shapes of MR curves in bot
cases have been calculated for Fe/Cr films as well.6

In our samples we have shown that the variation oftAg
creates different residual stresses. Therefore, the reorien
tion of magnetization can be modified in a similar manne
with the externally applied stress case. The key point is th
stress gives rise to the appearance of an EA in a nearly o

,

FIG. 7. Hysteresis loops measured at 5 K for NiFe~20 Å!/Ag~tAg! as-
deposited films, with the external magnetic-field direction parallel~right-
hand side! and perpendicular~left-hand side! to film plane.
Christides, Stavroyiannis, and Niarchos
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erwise isotropic film. It is shown in Ni films15 that an EA
induced by stress is consistent with the relative value of
anisotropy energies involved. If the order of magnitude
the crystalline anisotropy energyKu is comparable to the
stress-induced anisotropyKs it is expected that the secon
will produce noticable effects. The residual stress may ca
additional negative or positive magnetostrictionls even in
Ni81Fe19,

13 which induces a preferable EA in every layer. B
this action, for a material having a homogeneously posit
magnetostriction, as ing-~Ni, Fe!, the originally isotropic
distribution of domain orientations will be squeezed into
narrower distribution along an EA parallel or vertical to th
film plane if the induced strain is tensile or compressiv
respectively. The observed loops in Fig. 8 are indicative t
the EA lies in the film plane but for NiFe~20 Å!/Ag~40 Å!
and NiFe~25 Å!/Ag~40 Å!, where magnetization reversal i
easier forH' , it may be implied thatKs is minimal and the
isotropic distribution of domain orientations is maintaine
From Fig. 6 it is seen that only for these two samples is th
an abrupt low-field GMR effect, obviously related to ea
magnetization reversal.

IV. DISCUSSION AND CONCLUSIONS

This work presents for first time a systematic variatio
of MR-related properties as a function of Ag and NiFe lay
thickness in as-deposited thin films. The major concern is
investigate the mechanisms that primarily affect the GMR
this class of DML films. The spin-dependent scatteri
~SDS! obviously derives from the magnetic layers, but
particular importance is whether this SDS occurs within t

FIG. 8. Hysteresis loops measured at 5 K for NiFe(t f)/Ag~40 Å! as-
deposited films, with the external magnetic field direction parallel~right-
hand side! and perpendicular~left-hand side! to film plane.
J. Appl. Phys., Vol. 80, No. 8, 15 October 1996
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interior of the magnetic layers~bulk scattering! or predomi-
nantly at the interfaces between the magnetic and spacer
ers ~interfacial scattering!.

The interfacial scattering was examined by inserting
third material~Co! at the interfaces of NiFe/Cu films16 and
the MR effect has been dramatically enhanced at RT an
K. This has been attributed primarily to reestablishment
AF coupling at RT,15 but it was attributed ultimately interfa-
cial scattering at 5 K. Further analysis of these results17 in
terms of mean free paths for bulk SDS and interface S
transmission coefficients indicates that SDS in FM/Cu
mainly bulk in NiFe, a mixture of bulk and interfacial in
Co/Cu, and mainly interfacial in Fe/Cu.

Our analysis of NiFe/Ag as-deposited ultrathin film
from XRD data shows that there is significant interface stra
which is modified as a function of layer thickness. The o
served splitting of̂222& Ag superlattice peak fort f,25 Å is
assigned to Ag interdiffusion between NiFe grain boun
aries. The MR and hysteresis loop data show that
t f'18–25 Å andtAg'38–43 Å the film is magnetically iso-
tropic and present easy magnetization reversal for low
plied fields. The oscillatory variation ofHc andMr /Ms as a
function of tAg can be explained in terms of preferable E
directions in every NiFe layer induced from residual magn
tostriction. The hysteresis loop shapes are typical of F
coupled layers and exhibit a nonzero coercive field belo
100 K. The increase of GMR effect andDR/R field sensi-
tivity at 5 K show that an enhancement of the average m
netic moment and hardening of magnetization reversal
individual NiFe layers~bulk-scattering model! have a major

FIG. 9. Variation of the estimateddf from Table I ~top!, observedMr /Ms

~middle!, andHc ~bottom! values as a function oftAg ~left-hand side! andt f
~right-hand side! at 5 K. Solid lines are guides to the eye. Squares are forH i

and circles forH' directions.
4517Christides, Stavroyiannis, and Niarchos
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contribution. In conclusion, an isotropic EA distribution o
magnetic domains—due to small residual intralayer stra
effects—favors of low-field GMR in sputtered NiFe/Ag mul
tilayers.
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