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Correlation between giant magnetoresistance and magnetic interactions
in a CoAg multilayered/granular system

A. D. C. Viegas,® J. Geshev, L. F. Schelp, and J. E. Schmidt
Instituto de Fsica, Universidade Federal do Rio Grande do Sul, C.P. 15051,
91501-970 Porto Alegre, RS, Brazil

(Received 17 December 1996; accepted for publication 7 May)1997

Magnetizing, demagnetizing, and remanent magnetization curvepClal2 A)/Ag(60 A)]x 15
multilayered/granular films thermally treated have been measured. The changes of the giant
magnetoresistance and the interaction effects have been explained as a result of the structural,
morphological, and magnetic evolution of the samples as a function of the thermal treatment. It has
been inferred that for samples annealed at temperatures lower than 360 °C, the changes of the giant
magnetoresistance come from the misalignment of the magnetic moments of the Co particles formed
during annealing. A strong correlation between the giant magnetoresistance and the magnetic
interaction effects has been found for samples annealed at temperatures higher than 360 °C: the
giant magnetoresistance is degraded as the demagnetizing interparticle interactions are increased.
© 1997 American Institute of Physids$0021-8977)01016-3

I. INTRODUCTION For granular system, assuming that the particles are su-
_ o . . . . perparamagnetic ones, a parabolic behavior of the fractional
Since its discovery in magnetic multilayérgjant mag-  magnetoresistance as a function of the reduced magnetiza-
netoresistancéGMR) has been observed in several differentiig M IM; is expected. However, significant deviations
kinds of systems including granular systér?ﬁan_d multilay-  from the parabolic law have been observed in different real
ers composed of immiscible elements submitted to propegytemd -2 indicating correlation between the magnetic mo-
annealing treatment. As first demonstrated for CO‘}A@'G ments. Recently, an analytical theory which takes explicitly
thermally treated multilayers represent a intermediate stat to account this correlation was proposed by Aiizal 1 in

between multilayer and granular structures, as the as-mal Sder to explain the observed flattening of the GMR vs
samples are progressively modified by the annealing. M/M. curve at low fields
s .

Although the GMR in the thermally treated multilayered The presence of correlation between the magnetic pre-

systems is no greater than 6% at room temperaabeut - .
. . : e cipitates has been observed by means of independent mag-
20% at 4 K, they have received attention for its sensitivity at ”" | 12 . :
netic measuremerits'? and even direct observation of the

low fields when soft magnetic material is usetlowever, . fion of domain struct , oot ,
the origin of this effect and its relation to the structural prop- ormation of domain 'S rtéc ures using electron microscopy
ith polarization analysis®

erties (interface roughness, particle shape and size, inter?/ o
granular distances, ejds still a source of controversy. For most of our samples, the coercive field values from
For instance, Hyltoret al® proposed that the appearance the magnetization curves do not coincide with the fields of

of GMR is concurrent with the breakup of the layers, whichthe maxima in the magnetoresistance curves, indicating that
is attributed to a magnetic interaction that favors local antithere is more than one magnetic phase contributing to the
parallel alignment of the magnetizations in adjacent layersmagnetization. This does not allow the use of the above de-
The plateletlike grains stack in a columnar structure througtyiation to estimate the interparticle interaction strength, as
the magnetic layers. this quadratic law is valid for systems of superparamagnetic
Alternatively, the appearance of GMR in the same sysJarticles only.
tems can also be explained using the model applied success- Recently, thedM plot'* technique was used to investi-
fully for the granular systems: the annealing destroys theyate the same effects in Fe/Cu multilay@rand CqCuy
multilayer structure producing grains with different sizes andgranular alloys® This plot appeared to be very sensitive to
shapes, and the GMR arises from the random orientations afmall changes in the remanence produced by interactions be-
the easy magnetization directions. Here, no coupling amongveen the magnetic entities.
the magnetic entities is necessary to explain the appearance Nonuniaxial or manyfold planar anisotropies sometimes
of the GMR; spin dependent scattering originates from ranare present in multilayers. To avoid the introduction of errors
domly aligned single domain regions. induced by any of these anisotropies in our analysis, we mea-
In order to achieve some insight into what mechanism issyred the magnetization curves applying the magnetic field
actually present or which one is predominant when both acl, different in-plane directions for each sample. As it is not
simultaneously, we studied the magnetic interaction effectf,ossiue to repeat a measurement of the conventiéhal
(and its correlation to GMRin Co/Ag multilayered films ot (starting from ac or the thermal demagnetization 3tate

submitted to thermal annealing. on the same piece of a sample, we introduce a new interac-
tion plot which permits this to be done. The definition of the
dElectronic mail: deviegas@if.ufrgs.br new plot is described in Sec. Il.
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II. DEFINITION OF THE INTERACTION PLOT

[Co(12A) / Ag(60A)] x 15, without Cr buffer

The estimation of the magnetic interaction effects in par- 1000
ticulate and thin film media in the recent years is based on
the Wohlfarth relatioW My(H)=1—2M,(H), where
M,(H) andMy4(H) are the reduced remanent magnetizations 100
[normalized by saturation remanenik ()], andH is the
external field. TheM,(H) curve is obtained after application 1000
and removal of the fieltH to the demagnetized state, and the
My4(H) curve is obtained after application and removal of
the field—H to the saturation remanence. Plotdwf(H) vs 100
M,(H) have come to be known as Henkel plbtsFor
uniaxial anisotropy particles the noninteracting case corre-
sponds to a linear plot with a gradient2. Positive values of

! 1000
M plot, defined by Kellyet al* as SM(H)=Mg4(H)—1 t

T, =300°C

Normalized Intensity

+2M,(H), were attributed to “magnetizing” interactions, 100
i.e., interactions promoting the magnetized state while nega-
tive values were related to “demagnetizing” interactions,
which tend to assist magnetization reversal. This relationship
is also valid for multi-domain ferromagnets if the walls in-
teract with the same density and distribution of pinning sites
on both the initial and demagnetization branches of the mag-
netization curve?

Ag(111)

1000

Ag(200), fec Co(111
‘and/or hep Co(002)

100

The M,(H) curve depends on the method by which the 35 ' 40 ' 45 ' 50
demagnetized state is produced, and dc, ac, or thermal de- 20 (degree)
magnetization give very different initial remanent magneti-
zation curvegsee, for eXamme Ref. 20 FIG. 1. High angle x-ray diffraction patterns for the as-made

. . . . [Co(12 A)/Ag(60 A)]x 15 multilayer sample without Cr buffer; similar re-
Bisselet al“* derived a connection between the |sother-SuItS are obtained for the other sample.

mal remanent magnetization curve after dc demagnetization,

M2 andM4(H). TheM curve is produced by cycling the

sample to the negative remanence coercivityH;) after

previous saturation and then reducing the applied field to

zero. After dc demagnetization the particles with switchingtreatment was performed in a rapid annealing furnace under

|21

fields <H, are reversed while those requiring fieldgs H, ~ argon atmosphere between 150 °C and 450 °C for 1 h.
remain magnetized in the direction of the original saturation =~ The 6 :20 x-ray diffractometry was used to check the
remanence. The resulting connections are: structural properties of the sampldsigh angle diffraction

MECH) = 1— M.«(H 1 patterns are displayed in Fig).IThe broad peaks observed

r (H) a(H), (@) at low and high angles indicate a polycrystalline multilay-
for H<H,, and ered structure with111) textured Ag layers: with the ar-
rangement used we cannot obtain information about the Co

MY%(H)=1 ) : :
r structure. From the full width at half height of the peaks, the
for H = H,. perpendicular coherence length was estimated to be slightly
Here we used a newsM dc(H) plot, recently introduced greater than the period of the multilayers, indicating fluctua-
by Viegaset all® as tions in the thickness throughout the samples.
dc de The magnetoresistance was measured in fields up to 8.5
SMY(H)=M7(H)—1+My(H). (3

kOe using the standard four-probe method. Magnetization
for H<H,, and measurements were performed at room temperature using an
alternating gradient magnetomet&GM) with the field ap-

dc,
SMA(H)=M{(H)~1 (4) plied parallel to the plane of the sample. The initial magne-
for H=H, . tization curves, hysteresis loops, as well as remanent magne-
In the case of no interactiofand uniaxial anisotropy tization curves were measured. By changing the in-plane
SMY(H) is zero for all values of. applied field direction, no significant changes in all of the
curves were observed for the sample with Cr buffer. Figure
IIl. EXPERIMENT 2(a) shows the isothermal remanent magnetization curve af-

ter dc demagnetizationyl ?C(H), dc demagnetization rema-
Two multilayered samples deposited on a(Bl1) sub-  nence curveMy(H), as well as the here definetM %(H)

strate by means of electron beam guns have been invesglots for this sample annealed at 150 °C.

gated. The first one has nomirao(12 A)/Ag(60 A)]x 15 The samples without Cr buffer layer and annealed up to

evaporated over a 50 A Cr buffer layer first; and the other300 °C showed in-plane magnetic anisotropy, and the ones

sample is the same but has no Cr buffer layer. The thermalnnealed at higher temperatures were magnetically isotropic.
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FIG. 3. GMR, A [defined asA =M% (T,.) — SM%, (as-madg and the
1%6 . 0'2 . 04 06 reduced saturation remanenkbk () as a function of the annealing tem-
) ’ HIQIKI/M,) ’ ’ perature fof Co(12 A)/Ag(60 A)]x 15 multilayer evaporated over a 50 A Cr
S

buffer layer. The solid lines are guide to the eye.

FIG. 2. () Representative remanence curMa§°(H), My(H) and the here
defined&Md‘iC(H) plot for thg sample with Cr buffer gnneale_d at 15_0 (’m._ behavior has been observed for many magnetic systems,
rl\él)g;l/ell):rl\t/ildé?)&ilcg)f-or a disordered system of noninteracting cubic anisot such as thin films of CO#, CoNiCr,24*25 CoCrTa,25
CoSm/FeCd® and other double and triple magnetic layered
media?’ For the case of the Co/Ag system, due to the rather
thick (60 A) Ag spacer, interlayer interactions are weak and
cannot be responsible for the large reduced remanence: as
For all of the samples, théM % plots are characterized was shown by van Alphen and de Jorf§ehe remanent
by a large positive peak in lower fields and a relatively shal-magnetization of multilayers of Co/Ag composition with
low minimum in higher fields. continuous Co layers is independent of the Ag layer thick-
From the large reduced saturation remanévicé~) and  ness. The same authors showed coexistence of both fcc and
the positivedM % plots for the as-made samples and the onesicp Co phases froffCo nuclear magnetic resonance experi-
annealed at temperatures lower than 300 °C, one can suggesents in Co/Ag multilayers.
that there is only fcc Co in the samples and weak interactions To estimate the change of the strength of the interactions
present. This suggestion is supported by: as a function of the annealing temperatiitg,,, we used the
relative maxima of thesSM“ plots, i.e., A=6M% (T..)
—6M . (as-madp Any change of theA is attributed to
change of the relative strength of the interactions, which may
be both exchange and dipolar in nature, leading to complex
magnetic behavior.

IV. RESULTS AND DISCUSSION

(i)  the theoreticaM,(=)=0.8662 is very close to our
data, and

(i)  the SMY plot for a disordered system of noninteract-
ing cubic anisotropy particles with four easy magne-

tization axes calculated here following the model of .
Geshev and Mikhd¥ and Eqs(3) and(4) [Fig. 2(b)], . The reduced remanendg, (), reduce.d GMR rgtlo, de-
o . fined af R(H;) — R(H»ad VR(Hy) (WhereR is the resistance,
has shape similar to that of the experimental plots,, . LN . . .
. . H. is the coercive field andl . is the maximum applied
and even the value of the maximum is almost the, ;
same field), andA versus the annealing temperature for the sample
' with Cr buffer are plotted in Fig. 3. There is a relatively
(HereK is the first cubic anisotropy constant, which is nega-sharp peak in the GMR at about 360 °C, in accordance with
tive for fcc Co) the previous published resuft$?® A and M, (%) show
An alternative suggestion can be a relatively strong in-minima at 340 °C, followed by sharp maxima at the same
tralayer coupling between the adjacent magnetic regions, arehnealing temperature where GMR is maximum.
coexistence of fcc and uniaxial hcp Co. For many uniaxial ~ Figure 4 displays the dependencies of the coercivity fac-
magnetic materials, such a behavior is attributed to strongpr (CF),*° defined as CF(H,—H.)/H, on T,,, for the
exchange interactions between the adjacent layers @ame sampldhere H, is the remanence coercivity, i.e.,
grains?* These interactions initially stabilize the magnetizedM 4(H,)=0]. The dotted and the dashed lines represent the
state followed by rapid cooperative switching of many mag-noninteracting cases for fine particle systems with uniaxial
netic moments above a critical field. A similar interaction (CF~9%)*° and cubic anisotropy (CF4%)2® respec-

2468 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997 Viegas et al.



couple the adjacent magnetic regions of appropriate geom-
. etry. However, it was recently showrthat beyond a certain

I A, critical cluster size, the coupling is entirely dominated by the

60f A dipolar term. Such interactions could be either magnetizing
| or demagnetizing depending on the interparticle distance and
O/ configuration. In the present case, the majority of the Co

a0F . grains within the Co layers are supposed to be weakly
coupled. Further annealing results in a transition of the shape
S T R R / T of the clusters from flat pancake to more spherical shaped

/

H,, H,(kOe)
o
2

o
&

CF (%)

Ansealing Temperature ('C) and, in general, in a decrease of their size, as well as a

decrease of the lateral distances between the clusters. As a

_________________________________ At ] result, the local interparticle interactions can change their

________________ " /Y strength and even the sign during annealing, thus leading to
A . . .

or = the singularities in theM, (), A, H., H,, and CF plots

" 1 " 1 " 1 i 1 " H
0 100 200 300 200 300 versus the _anneallng temperatur_e up to 360 °C.

Annealing at temperatures higher than 300 °C leads to a
relatively sharp increase of the GMR. This increase could be
FIG. 4. Coercivity factoCF) defined as CF (H,—H_.)/H, onT.forthe  explained in the framework of the model of Xiast al?
sample evaporated over a Cr buffer layer; the dotted and the dashed linggjthout the intricate antiferromagnetic coupling, assuming
represent the noninteracting cases for the uniaxial and cubic anisotropy Ca}at the main contribution to the GMR comes from the ran-
respectively; the inset shows the correspondindT ,,) andH,(T,,,) plots. ; . . .

dom orientation of the magnetic moments: the annealing de-
stroys the layered structure, changing the Co particle number
and sizes. Initially, the Co particles are few in number. Scat-

. . “tering effects are infrequent and far apart, resulting in small
Ho(Tan) @ndH,(Tany plots. A general trend of increase is GMR. Further annealing increases the number of the par-

observed in both curves, except for thg,=360 °C, where . | d their si d ch the dist b
lower values are obtained. A slight decrease of CF is ob'-[IC €s, decreases their sizes, and changes the distance be-
. o tween them, which approximate to their optiiffiar the mag-

served for annealing up to 300 °C. Thermal treatment at a . ) . .
temperature higher than 350 °C leads to a roughly Iineapetoresstandevalues. the magnitude of GMR s thus
rapid increase of CF. enhancgd. _ .

The data from this figure support the suggestion that for Having reached maxima dl,,=360 °C, the GMRA,
T, Up to 360 °C the interactions are weak: the CF value@ndM:(>) decrease rapidly with further increase of the an-
lay (with small deviationsin the range between the dotted N€&ling temperature. The rapid increaseédgfandH, in Fig.
and dashed lines, representing the noninteracting uniaxid Shows that the size of the Co particles is degraded by
and cubic anisotropy cases. That is exactly where CF datficreasingTa, due to the breaking of the larger grains into
should be placed if one has a sample, which is a mixture o$maller ones. This type of behavior of the coercivity on the
fcc and hep Co. particles size is well known for fine particle systems. The CF

The correlation between GMR and the variations of thelncreases and decreases very rapidly as well, showing that
magnetic interactions is discussed below, based on these dafere is a setup of demagnetizing interactions between Co
and on the structural, morphological, and magnetic evolutiorglusters. These interactions tend to align the moments of the
of the samples due to annealing. particles to form flux-closure loops, thus resulting in the de-

For annealing up to 300 °C there are no significantcrease oM, (), increasing the value@egative of A, and
changes in the physical parameters of Figs. 3 and 4. Treatvidening the switching field distribution of the magnetiza-
ment at temperatures lower than 300 °C does not lead ttions (H, increases more rapidly thad., leading to the
appreciable structural changes of the samples as (WigJl  increase of the CF This can be seen in Fig. 5, where repre-
1). Having Co and Ag immiscible over a large temperaturesentative magnetization curves and dc demagnetization re-

range, one first induces a back-diffusion process upon armanence curves for the samples with Cr buffer annealed at
nealing at low temperatures, thus effectively obtaining340 and 450 °C are plotted.

smoother interface%but the overall magnetic characteristics Another contribution to the decrease of the saturation

of the sample remain the same. _remanence and the increase of the coercivities can be the
For annealing at higher temperatures gradual destructiopansition from fcc to hcp Co, observed by van Alphen and
of the multilayers and formation of granular Co begins. Ini- 4o Jong® for higher annealing temperatures.

tjally, the mulztglayers brake up into rather.bulky “pan_cake— Thus, annealing at temperature higher than 360 °C
like” clusters~® Such a transition from continuous to discon- causes the decrease in GMR for two reasons:

tinuous magnetic layers upon annealing is found in a number

of Co/Ag multilayers®>?2° (1) decrease of the size and change of the distances between
The nonmagnetic Ag matrix between the Co clusters is  the magnetic particles; andainly

metallic, and hence, can support Ruderman-Kittel-Kasuyat2) appearance of demagnetizing interparticle interactions:

Yosida (RKKY) interactions which might be expected to the random alignment of the magnetizations of the mag-

20

Annealing Temperature (°C)

tively. The inset in this figure shows the corresponding
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curves is the same as for the sample evaporated over the Cr

- buffer layer, which supports the discussion above.
)
g V. CONCLUSION
g magnetization curve The dependencies of the GMR, magnetization, and re-
= . : 77T g demagnetization manence curves on the annealing temperature in CoAg
% /_————~ multilayered/granular systems have been examined. They
3 = 450°C have been explained as a result of the structural and magnetic
a evolution of the samples during annealing. For the lower
§ ) annealing temperatures the increase of the GMR comes from

----- the misalignment of the magnetic moments of the Co par-

. ' . . . . ticles formed during the annealing. A strong correlation be-

2 -1 0 1 2 tween the GMR and the magnetic interaction effects has
Magnetic Field (kOe) been found for samples annealed at temperatures higher than
360 °C: GMR is degraded as a result of the increased demag-

FIG. 5. Representative magnetization and dc demagnetization remanenggetizing interactions between the particles.
curves for the sample with Cr buffer annealed at 340 °C and 450 °C.
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