
1 I56 IEEE TRANSACTIONS ON MAGNETICS, VOL. 34, NO. 4, JULY 1998 

Incoherent Magnetization Reversal Process in Discontinuous Fe,,Co,,/Ag Multilayer 
Thin Films 

P. C. Kuo', Y .  D. Yao2, J. W. Chen3, andH. C. Chiul 
1 Institute of Materials Science and Engineering, National Taiwan University, Taipei 107, Taiwan. 
2 Institute of Physics, Academia Sinica, Taipei 1 15, Taiwan. 
3 Department of Physics, National Taiwan University, Taipei 107, Taiwan 

Abstract-The possibility of incoherent magnetization 
reversal process in annealed Fe,,Co,dAg multilayer thin films 
has been studied. Small  magnetoresistance was measured 
in as-deposited films; however, a f te r  annealing above 
15OoC, the highly mobile Ag atoms form bridges between 
the Ag layers, a n d  t h e  magnetoresistance increases. 
For example, after annealing a t  225°C for  30 minutes, 
the T E M  photographs show clearly the  crosssection of a 
discontinuous multilayer s t ruc ture ,  t h e  coercivity is 
relatively small, and  t h e  magnetoresistance reaches its 
largest value. This is explained by t h e  formation of 
elongated clusters of disk-like ferromagnetic FeCo 
particles, t h e  exchange coupling between these particles 
i s  weak due  to the  presence of Ag layer between them. 
In this case, a n  incoherent magnetization reversal  
process is assumed to be dominant.  For  samples 
annealed above 250 "C, these disk-like ferromagnetic 
particles within a column grow larger due to diffusion. 
The  exchange interaction increase due  to the  Ag atoms 
migrating to the  bridges between t h e  columns and  
decreasing t h e  distance between disk-like ferromagnetic 
particles. The  coercivity of t h e  film then increases, and  
a coherent magnetization reversal  process is assumed t o  
become dominant.  

Index Terms-multilayer, magnetic, magnetoresistance. 

I. INTRODUCTION 

In recent years considerable attention has been drawn to 
giant magnetoresistance (GMR) in various magnetic 
multilayers and granular systems [I-61. The GMR is 
important not only for basic research but also from the 
viewpoint of application, such as magnetic sensors, GMR 
heads for high density magnetic recording etc. 

Discontinuous multilayers discovered by Hylton et a1 [7] 
exhibit fairly large room temperature GMR in very low 
applied fields. This film is produced by first sputtering 
multilayer films and then annealing the as-sputtered films at 
high temperatures. The annealing breaks up the magnetic 
layers into islands or discs with interlayer material between 
the them. Micromagnetic computation of the GMR effect 
in discontinuous multilayer films has been published by Oti 
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et ai [8]. The annealing effect is assumed to change the 
average inter-island spacing. According to this model, the 
GMR increases as a function of the layer thickness, at first 
sharply, and then it gradually decreases. 

In this article, we report on observation of an possibly 
incoherent magnetization reversal process in Fe,,Co,dAg 
multilayer thin films after different annealing processes. 

11. EXPERIMENTAL CONS IDERATIONS 

[Fe,,Co,dAg], multilayer films were fabricated on 
oxidized silicon wafers by rf magnetron sputtering. The 
vacuum system had a base pressure of 1 ~ 1 0 ' ~  Torr., and 
argon pressure of 5 ~ 1 0 - ~  Torr was maintained during 
deposition. The thickness of the SiO, buffer layer on Si 
wafer was about 200 A, and the number N of the multilayer 
was varied between 4 and 20; the thickness of Ag layers was 
varied between 7 and 47 A. The films were subsequently 
heat-treated of temperatures between 150 and 300 "C in 
order to improve the discontinuous multilayer structure. X- 
ray difiactometry analysis was performed to study the 
interface and the variation of the layers. A SQUID 
magnetometer was used to measure the magnetic properties 
of the Fe,,Co,dAg multilayer films with various FejoCojo 
and Ag thickness; The films were annealed at various 
temperatures for 30 minutes. The MR at room temperature 
was measured with both the current and the applied 
magnetic field in the film plane. 

Fig. 1 TEM crosssection image of an [Fe,,Co,,(l5~)/Ag(37~)],, film 
annealed at 200 "C. 
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Fig. 2 X-ray diffraction patterns for [Fe,,Co,,(15~)/Ag(37~)Jl~ 
multilayer samples. 
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Fig. 3 The MR curves for [Fe5,Co,,(15A)/Ag(22A)J,, multilayer 
samples annealed between 150 and 250 "C. 

111. RESULTS AND DISCUSSION 

The x-ray diffraction pattern confirms the multilayer 
structure of the samples. The annealing process is 
assumed to break up the magnetic layers into islands or 
discs with Ag bridges between them and this picture has 
been verified by high resolution electron microscopy. 
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Fig. 4 M,, MCM,, and H, for [Fe,,Co,,(15A)/Ag(tAgA)],, multilayer 
samples versus annealing temperature. The thickness of Ag layers t,, is 
22 and 37 a. 
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Fig. 5 The MR ratio of [Fe,,Co,,(l 5A)lAg(tA&)],, multilayer samples 
as a function of the thickness of the Ag layers. The annealing 
temperature was varied between 150 and 250 "C. 
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The behavior of the annealed film is like that of a granular 
film but where the islands are not sufficiently large as to 
increase the coercivity of the film. This means that the 
GMR peak is very narrow. Small values of 
magnetoresistance were observed in as-deposited films; 
however, the magnetoresistance increases significantly after 
annealing above 150°C this is due to the highly mobile Ag 
atoms forming bridges between the Ag layers. Fig. 1 
shows the TEM crosssectional image of the 
[Fe,,Co,,(l5~)/Ag(37A)],, film annealed at 200 OC for 30 
minutes. This TEM photograph clearly shows the 
discontinuous multilayer structure. Fig. 2 shows the x-ray 
diffraction pattern of the as-deposited samples and of 
samples annealed below 225 “C. The peaks of the x-ray 
pattern for the as-deposited sample are relatively low, but 
they increase slowly after annealing. After annealing at 
225 “C, the FeCo peak gradually formes near 44 degrees. 
The Ag peak near 37 degrees is slightly shifted to lower 
angles with annealing. 

The typical variation of the MR ratio with magnetic 
field is plotted in Fig. 3 for the [Fe5,Co,,(15 8, )/Ag(228,)],2 
multilayer samples. The MR ratio for the as-deposited film 
was very small and is not shown in the figure; after 
annealing, however, it increased to 1.75 and 5.3 YO for 
anneals at 150 and 225 “C for 30 minutes, respectively. On 
the other hand, at annealing temperatures above 250 “C the 
MR ratio decreased rapidly and became 4.4% at 250 C. 
Fig. 4 shows the saturation magnetization M,, the 
normalized remanance M,/Ms, and the coercivity H, for 
[Fe,,Co,,( 1 5A)/Ag(tAgA)],Z multilayer samples as functions 
of the annealing temperature below 250°C. The thickness 
of Ag layers was 22 and 37 A. It is clear that the magnetic 
properties are very poor for samples annealed below 150 “C. 
The figures show that the saturation magnetization increases 
smoothly above 150 “C; and that, the coercivity increases 
slowly below roughly 225 “C, and rapidly above 225 “C. 
We speculate that an incoherent magnetization reversal 
process[9,10] is dominant near the annealing temperature of 
225 “C; the high MR ratio and low coercivity can then be 
explained by the formation of elongated clusters of disk-like 
ferromagnetic FeCo particles with weak exchange coupling 
due to the presence of Ag layer between them. 

In samples annealed above 250 “C, the disk-like 
ferromagnetic particles within a column grew larger due to 
difksion and their separation decreased. This increased the 
exchange interaction between the particles; their coercivity, 
as shown in Fig. 4(c), was therefore relatively large. This 
suggests that here the coherent magnetization reversal 
process is dominant. 

Fig. 5 shows the relation between MR and the Ag 
layer thickness tAg, at a given annealing temperature TA. 
We found that the MR ratio of the Fe,,Co,,/Ag multilayer 
films depends on both the annealing temperature and the 
Ag spacer thickness in the samples. The MR ratio for 
the as-deposited film was below 1%. However the MR 
ratio oscillates as a function of the Ag layer thickness for 

samples annealed below 150 “C. For all samples 
annealed above 175 “C, however the MR ratio showed a 
sharp peak at the Ag layer thickness of roughly 17 A. 
The highest MR value found in this study was about 6.0% 
for samples with T, = 225 “C and t,, = 17 8,. 

IV. CONCLUSIONS 

In conclusion, the possibility of incoherent 
magnetization reversal process in annealed Fe,,Co,,/Ag 
multilayer thin films has been studied. In general, all 
studied samples exhibited increasing magnetoresistance on 
annealing between 150 and 225 “C, Crosssection TEM 
photograph clearly shows discontinuous multilayer structure. 
The coercivity of these annealed films was relatively small, 
and their magnetoresistance relatively large. This behavior 
was explained by the formation of elongated clusters of 
disk-like ferromagnetic FeCo particles, the exchange 
coupling between these particles is weak due to the presence 
of the Ag layer between them. In this case, the incoherent 
and coherent magnetization reversal processes were 
speculated. 

REFERENCES 

[l]  M. N. Babich, J. M. Broto, A. Fert, N. V. Dau, F. Petroff, P. 
Etienne, G. Creuzet, A. Freiderich, and J. Chazelas, “Giant 
magnetoresistance of (OOl)Fe/(OOl)Cr magnetic superlattlces”, 
Phys. Rev. Lett., Vol. 61, pp.2472-2475, 1988. 
J. C. S. Kook, Th. G. S. M. Rijks, A. E. M. DeVeirman and R. 
Coehoom, “On the ferromagnetic interlayer coupling in exchange- 
biased spin-valve multilayers”, IEEE Trans. M a p . ,  Vol 3 I ,  

[3] H. N. Bertram, “Linear signal analysis of shielded AMR and spin 
valve heads”, IEEE Trans. Magn., Vol. 31, pp, 2513-2578, 1995. 

[4] R. L. White, “Giant magnetoresistance materials and their 
potential as read head sensors” , IEEE Trans. Magn., Vol. 30, pp. 

A. E. Berkowitz, M. J. Carey, J. R. Mitchell, A. P. Young, S.  
Zhang, F. E. Spada, F. T. Paker, A. Hutten, and G. Thomas, “Giant 
magnetoresistance in heterogeneous Cu-CO alloys”, Phys. Rev. Lett. 

J. Q. Xiao, J. S. Jiang, and C L. Chien, “Giant magnetoresistance 
in nonmultilayer magnetic systems”, Phys. Rev. Lett. Vol. 68, pp. 

T. L. Hylton, K. R. Coffey, M. A. Parker, J. K. Howard, “Giant 
magnetoresistance at low fields in discontinuous NiFe-Ag 
multilayer thin films”, Science, Vol. 261. Pp.1021-1024, 1993. 
J. 0. Oti, S. E. Russek, S. C. Sanders, and R. W. Cross, “Models of 
granular giant magnetoresistance multilayer thin films”, lEEE 
Trans. Magn. Vol. 32, pp.590-598, 1996. 

[9] I.  S. Jacobs and C. P. Bean, “An approach to elongated fine- 
particle magnets”, Phys. Rev. 

[lo] E. F. Kneller and F. E. Luborshy, “Particle size dependence of 
coercivity and remanence of single-domain particles” J. Appl. 

[2] 

pp.3918-3920, 1995. 

346-352, 1994. 
[SI 

Vol. 68, pp. 3745-3748, 1992. 
[6] 

3149-3152, 1992. 
[7] 

[8] 

V01.100, pp.1060-1067, 1955. 

Phys., Vol. 34, pp.656-658,1963. 

Authorized licensed use limited to: National Taiwan University. Downloaded on December 7, 2008 at 22:54 from IEEE Xplore.  Restrictions apply.


