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Exchange couplings between two Fe layers in
Fe/Al/Fe/Ni-Fe/NiO sandwiches
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Exchange couplings between two Fe layers have been investigated in polycrystalline
Fe/Al/Fe/Ni-Fe/NiO and Fe/Al/Fe/Ni-Fe sandwiches. Linear exchange couplings between the
two Fe layers were strong and ferromagnetic when the thickness of the Al spacer was
between 0.7 and 2.2 nm. We observed biquadratic exchange couplings (90 degree
couplings) when the thickness of the Al spacer was between 2.5 and 4.0 nm. © 7999
Kluwer Academic Publishers

1. Introduction deposited. The ion current was changed to 60 mA when
The first exchange couplings between two Fe laythe Fe layers were deposited. The deposition rates were
ers were found in Fe/Cr/Fe sandwiches byu@érg 0.02—0.03 nm/s. A magnetic field of 32 kA/m was ap-
et al. [1]. They used light scattering technigue to ob- plied to the samples during the sputtering. Argon pres-
serve the exchange couplings. After their report, thesure during the sputtering was 0.02 pa.

exchange couplings between magnetic layers have beenThe samples were 7 mm square. The sandwiches
observed in many sandwiches [2—8]. The oscillationavere grown with layer structures of Fe(4.0 nm)/Al(0.7—
of the linear exchange couplings, the biquadratic ex4.0 nm)/Fe(1.6 nm)/Ni-20at%Fe(3.0 nm)/NiO(50 nm)/
change couplings (the 90 degree couplings), magneSi. In this study, the Fe layers, which are neighboring
toresistance effects have been also reported. The mosuly the Al spacers, are called as the Fe single layers.
typical way to observe the exchange couplings is using’he Fe/Ni-Fe layers, which are neighboring the NiO
the kerr effect technique for the samples with wedgeiayers, are called as the Fe/Ni-Fe dual layers. The
shaped nonmagnetic spacers [3, 4, 6]. However, the kegandwiches with layer structures of Fe(4.0 nm)/Al(1.0-
effecttechnique requires the single-crystalline samples3.5 nm)/Fe(1.6 nm)/Ni-20at%Fe(3.0 nm)/Si were also
because the magnetic domain structures of the polyprepared in order to investigate the biquadratic ex-
crystalline samples are complicated, and the complichange couplings. The thicknesses were measured with
cated magnetic domain structures cause difficulties im quartz oscillating thickness monitor located adjacent
the observations of the exchange couplings. to the substrate holder.

We observed the exchange couplings between two Fe The magnetization curves were measured at room
layers in polycrystalline Fe/Al/Fe/Ni-Fe/NiO/Si(100) temperature. A vibrating sample magnetometer was
sandwiches. The NiO layers are antiferromagneticused to measure the magnetization curves with a max-
Therefore, the Ni-Fe layer is exchange-biased by thémum magnetic field of 20 kA/m.

NiO layer, and thus the Fe layer neighboring the Ni-
Fe layer is also exchange-biased with the Ni-Fe layers
in each sandwich. Due to the above layered structure3. Experimental results and discussion
one of the Fe layers is biased by only exchange couFig. 1 shows the magnetization curves of the polycrys-
pling through the Al spacer. Therefore, we could easilytalline Fe/Al/Ni-Fe/NiO/Si sandwiches with the var-
observe the exchange couplings by using a vibratingous Al spacer thicknesses. The each magnetization
sample magnetometer (VSM), even though the sandzurve of Fig. 1 includes the magnetizations of the two
wiches were polycrystalline. magnetic layers, one of them is the Fe single layer and
another is the Fe/Ni-Fe dual layer. In the sandwiches,
the Fe/Ni-Fe dual layers are directly exchange-biased
2. Experimental by the NiO antiferromagnetic layers, the Fe single lay-
We prepared rf-sputtered NiO layers on Si(100) sub-ers are exchange-biased by only exchange couplings
strates. The thicknesses of the NiO layers were 50 nnthrough the Al spacers. Fig. 1a shows the magnetiza-
The sandwiches were prepared on the NiO layers ugion curves which are observed when the applied field
ing an ion beam sputtering apparatus. The acceleratiogirection is parallel to the direction of the exchange bias
voltage of the ion gun was 300 V with an ion current of field caused by the NiO antiferromagnetic layer. Fig. 1b
30 mA when the Ni-Fe layers and the Al layers wereshows the magnetization curves which are observed
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Figure 1 Magnetization curves of polycrystalline Fe(4.0 nm)tAltn)/
Fe(1.6 nm)/Ni-Fe(3.0 nm)/NiO(50 nm)/Si sandwiches.

when the applied field direction is perpendicular (in
plane) to the direction of the exchange bias field cause
by the NiO antiferromagnetic layer.

When the thickness of the Al spacer is 1.0 and
2.2 nm, the magnetizations of the Fe single layer ant
the Fe/Ni-Fe dual layer turn at the same applied field a
shown in Fig. 1a. The magnetization curves are shiftet
by the exchange bias fields from the NiO layers. It is
understood that the linear exchange coupling betwee
the two Fe layers is ferromagnetic and strong, and thu
the magnetizations of the two magnetic layers turn a
about the same applied field. Fig. 1b shows that the
saturation field is high when the thickness of the Al
spacer is 1.0 and 2.2 nm. This is because the Fe/Ni-F,
dual layers are exchange-biased by the NiO layers, ar
thus the magnetizations of the Fe/Ni-Fe dual layers ar

not easily rotated to the applied field direction by the &

low applied fields. The Fe single layers are strongly
exchange-biased through the Al spacers, because tl
linear exchange couplings between the two Fe layer
are ferromagnetic and strong. Thus, the direction of th
magnetizations of the Fe single layers are about th
same as those of the Fe/Ni-Fe dual layers.

When the thickness of the Al spacer is 2.5, 3.5 anc
4.0 nm, the magnetizations of the Fe single layer and th
Fe/Ni-Fe dual layer turn at the different applied fields

the magnetization of the Fe single layer turns at around
zero field. These show that linear exchange couplings
between the Fe single layer and the Fe/Ni-Fe dual layer
are not so strong.

When the thickness of the Al spacer is 2.5, 3.5 and
4.0 nm, the each magnetization curve is thought to
consist of the magnetization curve for the magnetic
layer which is easily saturated and that for the mag-
netic layer which is not easily saturated, as shown in
Fig. 1b. The magnetic layer, which is not easily satu-
rated, is thought to be the Fe/Ni-Fe dual layer. This is
because the Fe/Ni-Fe dual layer is strongly exchange-
biased by the NiO layer, and the direction of the ex-
change bias field is perpendicular to the applied field
direction. The magnetic layer, which is easily saturated,
is thought to be the Fe single layer. This is because the
effect of the NiO layer is weak when the thickness of
the Al spaceris 2.5, 3.5 and 4.0 nm.

Next, we investigated the exchange bias fields ap-
plied to the Fe single layers. The exchange bias fields
are caused by the exchange couplings between the two
Fe layers through the Al spacers. The exchange bias
fields are obtained by the magnetization curves which
are observed when the applied field direction is parallel
to the direction of the exchange bias field caused by
the NiO antiferromagnetic layer. When the exchange
coupling between the two Fe layers is strong, the mag-
netizations of the two magnetic layers turn at about the
same applied field as shown in Fig. 2a. In this case,
the exchange bias field b for the Fe single layer is ob-
tained as shownin Fig. 2a. When the exchange coupling
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as shown in Fig. 1la. The magnetization curves of the

Fe/N_i'Fe dual layers shift to th? higher applied field Figure 2 Schematic diagrams to obtain exchange bias figidisand
positions than those for the Fe single layers. Moreovereffective saturation fieldsi s for the Fe single layers.
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Fe(1.6 nm)/Ni-Fe(3.0 nm)/NiO(50 nm)/Si sandwiches.
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. [Figure 4 Relationship between thickness of Al spacer and effective
between the two Fe layers is not strong, the magnetisayration fieldHs of the Fe single layer in Fe(4.0 nmy/Alam)/

zations of the two magnetic layers turn at the differentre(1.6 nm)/Ni-Fe(3.0 nm)/NiO(50 nm)/Si sandwiches.
applied fields as shown in Fig. 2b. In this case, the ex-
change bias field¢H b for the Fe single layer is obtained
as shown in Fig. 2b. Fig. 2 also shows the method to ' '
obtain the effective saturation fields of the Fe sin- Al1.0nmrT
gle layers. The effective saturation fields are discussed i
later.

Fig. 3 shows a relationship between the thickness
of the Al spacer and the exchange bias fielth ap-
plied to the Fe single layer. The exchange bias field
increases as the thickness of the Al spacer increases
up to 2.2 nm. The positive high exchange bias fields
indicate that the linear exchange couplings are ferro-
magnetic and strong. The exchange bias field abruptly
decreases between 2.2 and 2.5 nm. The exchange bias
field are low and positive at the Al spacer thicknesses
between 2.5 and 4.0 nm. The low exchange bias fields
indicate that the linear exchange couplings between the
two Fe layers are weak. And the positive exchange bias
fields indicate that the linear exchange couplings are
ferromagnetic.

Fig. 4 shows a relationship between the thickness
of the Al spacer and the effective saturation fiéld
of the Fe single layer. The effective saturation field is
relatively low when the thickness of the Al spacer is L 1 L
between 0.7 and 2.2 nm. The low effective saturation 4 0 4
fields indicate that the linear exchange couplings are App"ed Field (kAm'1)
dominant. The effective saturation field is high when
the thickness of the Al spacer is between 2.5 and 4.0 NNkigure 5 Magnetization curves of polycrystalline Fe(4.0 nm)t&ig)/
The high effective saturation fields indicate that the Fere(1.6 nm)/Ni-Fe(3.0 nm)/Si sandwiches.
single layers are exchange-biased through the Al spac-
ers, and the direction of exchange bias fields is perpen-
dicular to the applied field direction. Thus, the exchange In order to observe the bigquadratic exchange cou-
coupling between the two Fe layers is the biquadratigplings more easily, the Fe/Al/Fe/Ni-20at%Fe/Si sand-
exchange coupling when the thickness of the Al spacewiches were also prepared. Fig. 5 shows the magnetiza-
is between 2.5 and 4.0 nm. tion curves of the Fe/Al/Fe/Ni-20at%Fe/Si sandwiches.

Al 2.5 nm
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