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We have measured the magnetization of Ni/Ag(Ni at % )/Ni (50 A30 A/50 A) trilayered films including Ni atoms
inserted in non-magnetic Ag spacer. The magnetization as a function of applied field at 5 K and as a function of
temperature at 100 Oe were investigated respectively using SQUID magnetometer. In these measurements peaks
of magnetization at some critical temperatures were observed in all the samples. The antiferromagnetic cou-
pling energy between neighboring Ni layers showed oscillatory behaviors according to the amounts of the Ni
atoms inserted in Ag spacer. Loose spin model suggested by slonczewski was used to explain such results.

1. Introduction

It has been reported that loose spins in non-magnetic
spacer of magnetic multilayer may create the biquadratic
(BQ) coupling phenomena [1]. The basic idea of this model
is that the loose spins in non-magnetic layer is polarized by
neighboring magnetic layers, inducing the resultant 90°
coupling between the spins of the magnetic layers. The
loose spins can be intrinsically formed in the depositing
process of the multilayers. Hence, the BQ coupling phe-
nomena could be found in some multilayers. To test the
model, as suggested in the paper, the magnetic atoms were
inserted in non-magnetic spacer [2]. In this case the mag-
netic atoms play a role of loose spins to yield a BQ cou-
pling between magnetic layers. However, in that work the
inserted atoms are arranged to form a line in parallel with
the film plane. Actually it is hard to assume that the loose
spin atoms line up in non-magnetic layer. To simulate the
real circumstances, therefore, co-sputtering of magnetic and
nonmagnetic materials can be performed in depositing the
spacer layer. The amounts of magnetic atoms in the spacer
can be controled by varying the sputtering rate of magnetic
material

In this paper we report that the magnetic atoms inserted
using co-gputtering technique in non-magnetic layer of the
trilayered films affect the couplings between neighboring
magnetic layers. As a result the coupling can be one of anti-
ferromagnetic (AFM), ferromagnetic (FM), and BQ cou-

pling types. :
2. Experimental

In fabricating the samples we used the sputtering unit

equipped with two DC magnetron sputtering guns. The
30 A thick Ag buffer layer was deposited on the polished
silicon (100) substrate. On this buffer layer Ni/Ag(Ni at %)/
Ni (50 A/30 A/50 A) trilayer was deposited subsequently. In
depositing Ag spacer Ni atoms were inserted using co-sput-
tering the two materials. The Ni impurity concentrations
were 0, 0.5, 1, 1.5, and 2%. Also 30 A thick Ag overlayer
was finally deposited on the trilayers. The base vacuum was
2x 107® Torr before admitting ultra pure argon gas into
sputtering chamber. In depositing the films the argon pres-
sure was 10 mTorr.

The magnetization of the samples was measured using a
SQUID magnetometer. The applied field was always paral-
lel to the film planes.

3. Results and Discussion

Fig. 1 shows the magnetization curves as a function of
temperature for all the samples. As the temperature increases
from 5 K to 400 K the magnetization measured at 100 Oe
exhibits a broad peak behavior. The occurrence of peaks, as
we have suggested in the papers [3], implies that the mag-
netic state of these trilayer films varies to FM state from
AFM state with increasing temperature. At low temperature
region below peak temperature (T,) the magnetization
increases with increasing temperature reaching 25~35 emuw/
g that is almost ~90% of saturation magnetization at 5 K.
At high temperature region above T, it decreases all the
way with increasing temperature, which is a typical FM
magnetization curve. This peak behavior may be interpreted
as the magnetic property of a spin glass material. However,
usually the magnetization of spin glass can not be saturated
under such low magnetic field (100 Oe). Therefore, it is
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Fig. 1. The magnetization versus temperature of Ni/Ag(Ni at
%)/Ni (50 A/30 A/50 A) trilayers at 100 Oe.

considered that in low temperature region the magnetization
of the samples increases because the AFM coupling between
magnetic layers becomes weak due to increasing tempera-
ture.

Fig. 2 shows that the T,'s varies with the amounts of Ni
atoms in the Ag spacer. This indicates that the magnetic
state of the Ni/Ag(Ni at %)/Ni trilayered films is very sensi-
tive to the amounts of magnetic atoms(Ni) inserted in Ag
spacer. According to Slonczewski's theory the spins of mag-
netic atoms in non-magnetic spacer interacts with the spins
of near magnetic layers, which leads to a given coupling
state formed between neighboring magnetic layers. Thereby,
the coupling state could be one of FM, BQ and AFM types.
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Fig. 2. The peak temperatures (T;) of magnetization mea-
sured at 100 Oe in Ni/Ag(Ni at %)/Ni (50 A/30 A/50 A trilay-
ers.
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Fig. 3. The magnetization (M) versus the applied moagnetjc
field (H) measured at 5 K for Ni/Ag(Ni at %)/Ni (50 A/30 A/
50 A) trilayers.
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Considering that the AFM coupling strength depends on the
Ty, it is noted that the sample of 2% Ni atoms has the big-
gest strength among all the samples {4].

Fig. 3 shows the magnetization curves at 5 K for all the
samples. As we mentioned in our previoys paper the S-like
magnetization curves indicate that the magnetic state of the
samples is AFM. For 0%, 1.5%, and 2% Ni atoms in the
Ag spacer the magnetization curves clearly show S-like
shape. Therefore, the magnetic state for Ni/Ag/Ni samples
are strongly AFM at those compositions. For 0.5% and 1%
Ni atoms, however, the magnetization curve shapes are not
clear S-like type. Hence, the magnetic state of these two
samples are weakly AFM. This proves that the magnetic
state of these samples can be easily changed by varying the
amounts of magnetic atoms in the non-magnetic spacer.

The AFM coupling energies at 5 K for each samples were
calculated by the equation J =-Mt,H/4 [5], where M, is
the saturation magnetization and f,, is the thickness of the
ferromagnetic layer and H; is the saturation field, and plot-
ted in Fig. 4. The J's oscillate as a function of the amounts
of Ni atoms in the Ag spacer. In this data the AFM cou-
pling, as mentioned above, are comparably strong at 0%,
1.5%, and 2% and weak at 0.5% and 1% compositions.

Any feature of BQ coupling was not detected in our sam-
ples. As the properties of BQ coupling the first order transi-
tion in magnetization (M) versus temperature (T) curves [6]
and the intermediate plateau of magnetization in M versus
magnetic field (H) curves [7] must be observed. However,
we expect that it is possible to obtain the BQ coupling state
if the amounts of Ni atoms in the Ag spacer are minutely
controled.
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Fig. 4. The AFM coupling energies (J) of Ni/Ag(Ni at %)/Ni
(50 A/30 A/50 A) trilayers at 5 K.
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Fig. 5. The spin orientations of FM/PM/FM trilayers. The
small arrows are the spins of ferromagnetic (FM) atoms
inserted in the paramagnetic (PM) layer and the two large
arrows are the spins of each ferromagnetic layers.

The giant magnetoresistance (GMR) effect, which has
been found in many magnetic multilayer films, are explained
by spin dependent scattering of conduction electrons at
interface of film layer [8]. In order to confirm the fact it is
needed to measure the MR values for various spin configu-
rations of neighboring magnetic layers. Inserting magnetic
atoms in the non-magnetic spacer affects the spin orienta-
tions of near magnetic layers as shown in Fig. 5. Accord-
ingly the coupling state of magnetic layers can be determined
by the magnetic atoms in the non-magnetic spacer. Basi-
cally the magnetic state of FM/PM/FM trilayered films can
be changed by inserting the FM atoms in paramagnetic
(PM) layer. For fixed each layer thicknesses the FM atoms
may be inserted in a thin layer form at a proper position
within PM layer. In this case we can expect the magnetic
state depends mainly on the position and thickness of
inserted FM layer. Actually, the Fe/Cu(Fe at%)/Fe trilayer
films show such results [2]. The BQ coupling was detected
for those samples. Also, multiple FM thin layers can be
inserted in the PM spacer. Although this case has not been
investigated experimentally it is easily expected to be able
to make a various magnetic states by simply controling the
positions and thicknesses of the FM layers in the PM layer.
This makes it possible to obtain known magnetic properties
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of magnetic multilayered films. In comparison with the fab-
rication of multilayered films, the fabrication of trilayer
films inserting FM atoms in PM spacer is much easier in
controling the fabrication conditions and analyzing the
results of measurements of magnetic properties.

4. Conclusions

In this study we found that the magnetic state of Ni/
Ag(Ni at%)/Ni trilayered films varies depending on the
amounts of Ni atoms within the Ag spacer. For 0%, 1.5%,
and 2% Ni atoms in the Ag spacer layer the magnetic state
are strongly AFM at 5 K and for 0.5%, 1% atoms it is weak
AFM. The coupling energy at 5 K has the largest value
(~—0.024 erg/cm?) for the sample of 2 % Ni atoms. As the
temperature increases from 5 K the magnetization measured
at 100 Oe increases up to peak temperature T, and it
decreases thereafter shaping a typical ferromagnetic curve.
This fact means that in the low temperature region below T,
the magnetic state of the samples is predominant AFM and
above T, it is FM.

Any feature of BQ coupling phenomena was not detected
for all the samples. However, if the amounts of Ni atoms
can be minutely controled -it is predicted that the BQ cou-
pling could be formed between neighboring magnetic lay-
ers. Since inserting the FM atoms in the PM spacer of FM/
PM/FM trilayered films makes it possible to have various
couplings between FM layers we expect that any important
properties such as a GMR can be found in this type of sam-
ples.
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