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The as-deposited and annealed Co/Ag discontinuous multilayer-like
structures were examined. Discontinuous Co sublayers are thought to con-
sist of fine superparamagnetic and ferromagnetic grains. Using the bimodal
superparamagnetic grain sizes distribution the GMR(H) dependencies were
successfully modelled with the use of two Langevin functions simulating the
magnetization of the superparamagnetic grains.

PACS numbers: 75.70.Cn

Recently there has been a great deal of interest in the influence of anneal-
ing of multilayers (Ml) consisting of stacking of very thin ferromagnetic layers
(e.g. Co) and layers of an immiscible nonmagnetic elements like Ag [1]. The an-
nealing of such structures can lead to the formation of magnetic precipitates in a
nonmagnetic matrix.

The wedged Co/Ag Mls with nominal sublayer thicknesses of dco = 0.26 nm
and 0.65 nm < dAg < 1.27 nm, were deposited onto glass substrates using fac-
ing target sputtering method. The magnetoresistance R(H) and the magnetiza-
tion loops M(H) were measured at room temperature in a magnetic field range
±25 kOe for parallel configuration. Both M(H) and GMR(H) measurements were
performed in as-deposited state and after sequential annealing steps at 250°C and
300°C; each step lasting 1 hour. We define the field dependence variation in GMR
as GMR(H) = [R(H) — R(H = 0)]/R(H = 0).

Figure 1 presents the dependence on Ag volume concentration (x v ) of GMR
amplitude for as-deposited and annealed Mls. It is seen that the maximum values
of GMR occurs for xv= 0.80 reflecting the granularity of the Mls. Such a granular
structure was confirmed by our scanning tunnelling microscopy (STM) experiment;
the grain sizes ranging from 2 nm to 15 nm were observed.
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Fig. 1. The Ag volume concentration xv dependencies of GMR amplitude for
as-deposited and annealed Co/Ag Mls.

Fig. 2. (a) The normalised magnetization loops for as-deposited and annealed at TA =
300°C Ml. (b) The GMR(H) dependencies for the same Ml as in (a). The results of fitting
(solid lines through`the data points) GMR(H) data with a model described in the text
are also shown. Solid lines labelled with (1) and (2) represent decomposition of GMR(H)
curves due to the postulated bimodal superparamagnetic grain size distribution.

Figure 2a displays the examples of the normalised M(H) loops for as-depos-
ited and annealed Ml with dA g = 1.15 nm. Except the case of an as-deposited
sample where a superparamagnetic M(H) dependence was found, all the Mls were
characteristic of ferromagnetically (FM) coupled or uncoupled Mls with distin-
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guishable Hc and Ms, where Hc and Ms denote coercive field and saturation
magnetization, respectively.

Figure 2b shows the GMR(H) dependencies for the same sample as in Fig. 2a.
Comparing both panels of Fig. 2 it is evident that the M(H) curves saturate at
relatively low magnetic fields whereas GMR(H) show no sign of saturation. This
obvious inconsistency strongly suggests that the origin of GMR in our samples is
due neither to the existence of antiferromagnetic (AF) coupling nor to uncorrelated
magnetic moments of Co grains. In the latter case GMR(H) should be peaked in
H = ±Hc which is not observed. The specific field dependencies of GMR (i.e.
Langevin-like) strongly suggest that the most likely responsible for GMR(H) be-
haviour in examined MLs are the superparamagnetic (SP) grains. Since the M(H)
dependence reflects the net magnetization of Co/Ag Mls, then M(H) can be writ-
ten as M(H) = Mferro(H) -F Msp (H), where Msp (H) and Mferro(H) denote the
superparamagnetic and ferromagnetic parts of M(H), respectively. It seems that
GMR in our samples is due to the assemblage of SP grains and the ferromagnetic
grains are only noticeable in the M(H) behaviour. The existence of the SP com-
ponent in our Mls was confirmed by zero field cooled (ZFC) and field cooled (FC)
magnetization measurements.

Fig. 3. The ZFC and FC magnetization curves for annealed at TA = 300°C sample
with dAg = 1.15 nm.

Figure 3 shows the representative ZFC and FC curves for annealed sample
with dAg = 1.15 nm. A broad maximum near 200 K is associated with the distribu-
tion of blocking temperatures TB which is strictly related with the distribution of
the sizes and/or shapes of the SP grains. The upper limit of this distribution, which
corresponds to the largest grains, is given by the temperature at which the ZFC
curve becomes reversible (= 250 K). A well known equation [2] relates the volume
V of the SP grain to the blocking temperature: kTB = 25CV, whereCis the
total magnetic anisotropy energy density of the grain. Using the hcp Co magnetic
anisotropy K = 4.5 x 10 5 J/m3 instead of C we can estimate the average grain
size D. Assuming a spherical shape of the grains we found D 6.6 nm. Above
TB, in the SP state the Msp (H) dependencies can be described by the Langevin
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function L(a), where a = μH/kT and p denotes the average moment of the su-
perparamagnetic grain. Assuming a bimodal SP grain size (BSPGS) distribution
the Msp (H) can be written as a sum of two Langevin functions with different
magnetic moments per individual grain. Hence Msp (H) = f L(α1) + (1— f)L(α2 ),
where f is a fraction of the grains bearing the moment pi. Thus, GMR(H) can be
modelled as GMR(H) = —A[Msp(H)/Ms] 2 , where A denotes the GMR amplitude
and P 1 , 2 and f are taken as adjustable parameters. In our model the large grains
(1) are thus responsible for low field behaviour in GMR(H) while the small ones
(2) are responsible for slow saturation in high magnetic fields. The results of fit-
ting GMR(H) with the use of the above equation are shown in Fig. 2b (solid lines
through the data points). Figure 2b shows also the decomposition of GMR(H)
curves due to the postulated BSPGS distribution (solid lines denoted 1 and 2).
The quality of the fit, as can be seen from the figures, is excellent. From the val-
ues of parameters P1,2 and under the assumed spherical shape of the grains their
diameters D1 and D2 can be estimated. The value D1 P.1 6 nm was found for an-
nealed samples with xv= 0.80. This grain diameter is in a very good agreement
with D = 6.6 nm. The D2 values were found to lie between 2 nm and 2.5 nm,
independently of annealing temperature and dAg . The above discussion and the
experimental data support our statement that in our discontinuous Co/Ag Mls
the assemblage of SP grains is responsible for the occurrence of the GMR effect
and for related specific magnetic field dependencies.
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