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Magnetic properties of amorphous Cog.74Sip.26/Si
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Two sets of [Cog.74Sig.26(5 nm)/Si(s)],, amorphous films were prepared by magnetron sputtering: one in the
form of multilayers with the Si spacer thickness s fixed at 3 nm, and the number of periods n varying from 1 to
10; and another one with only two periods and s varying from 3 to 24 nm (trilayers). In both series, the
Co0.74Sig 26 layer thickness ¢ was fixed at 5 nm. All the samples except the one with s = 24 nm demonstrate anti-
ferromagnetic coupling. Their magnetic properties at room temperature were probed by magnetooptical trans-
verse Kerr effect (MOTKE) and ferromagnetic resonance (FMR). The relative increase of the saturation magne-
tization M (for trilayers with respect to the one with s = 24 nm; for multilayers with respect to the single layer
one) obtained from the FMR measurements was compared with the exchange coupling strength g 3”: obtained
from the MOTKE studies. H’}F and M, dependencies vs n and s were found to be very similar to each other.

Possible mechanisms of this similarity are discussed.

PACS: 75.70.Cn Magnetic properties of interfaces;
75.50.Kj

Amorphous and quasicrystalline magnetic materials;

76.50.+g Ferromagnetic, antiferromagnetic, and ferrimagnetic resonances; spin-wave resonance;

71.70.Gm Exchange interactions.

Keywords: magnetic multilayers, amorphous films, ferromagnetic resonance, antiferromagnetic coupling.

1. Introduction

The interlayer exchange coupling (IEC) through silicon
spacer was found in Fe/Si multilayers in 1992 [1]. Since
that time different ferromagnetic metal (FM)/Si multilayers
were studied both experimentally and theoretically. A sig-
nificant part of the results concern the case of Fe/Si multi-
layers, where the coupling shows both oscillatory [1] and
nonoscillatory [2] behaviors and is strongly influenced by
the interface structure (namely the formation of iron sili-
cide due to diffusion) [3,4]. Even more contradictory re-
sults were obtained on Co/Si structures, where ferromag-
netic, superparamagnetic, or oscillatory ferromagnetic—an-
tiferromagnetic behaviors of the coupling were observed

[5-8]. Despite several mechanisms based on tunneling,
Ruderman—Kittel-Kasuya—Yosida (RKKY)-like exchange,
interface bands, and spin fluctuations have been suggested
to be the origin of the coupling, still there is not much of
theoretical understanding for these systems.

Recently the existence of antiferromagnetic (AF) coupl-
ing in multilayers based on amorphous Co,Sij—, alloys has
been found [9-11]. One of the characteristics of such mag-
netic amorphous compounds, in addition to their well
known soft magnetic behavior, is that several properties,
like the saturation magnetization and uniaxial anisotropy,
can be tuned by fine adjustment of the alloy composition.
In the case of Co,Sij—,/Si multilayers, the saturation mag-
netization and the Curie temperature are reduced when the
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Si content is increased [10], so that the strength of the
usual magnetostatic coupling contributions present in any
magnetic multilayer system can be tailored. Moreover, the
soft magnetic behavior of these alloys allows the detection
of very weak AF couplings, that could not be observed in
samples based on pure Co magnetic layers. It is known
from previous studies that the Co,Sij—y films are amorph-
ous for Co concentrations smaller than x = 0.76 and have
low coercive fields (below 1 Oe for 5 nm thick films) [12].
Thus, Cog.74Sip26/S1 multilayers appear to be a good
choice of the system to study the weak AF coupling since
they have a relatively soft magnetic behavior to enable the
detection of the appearance of a plateau on the M(H) hyste-
resis loop around H = 0, a clear footprint of the AF coupl-
ing. It is also important that the AF coupling strength can
be easily extracted from the M(H) loop.

Ferromagnetic resonance (FMR) has an established repu-
tation to be a powerful tool to investigate the magnetic para-
meters of thin films, multilayers, and patterned structures,
being particularly useful to determine the contributions from
different magnetic anisotropy fields. Its effectiveness has also
been demonstrated in studying the exchange coupling in fer-
romagnetic metal (FM)/nonferromagnetic metal (NM)/FM
trilayers [13]. Here the evolution of the FMR resonance field
in Cog.74S10.2¢/S1 multilayers was studied as a function of
the AF interlayer exchange strength that was controlled either
by varying the Si layer thickness or the number of periods.

2. Experimental details

Co0y.74S19.2¢/S1 multilayers were grown on Si substrates by
dc magnetron sputtering from high purity independent Co
and Si targets. The sputtering Eressure was 1.0-10 > mbar
(with a base pressure of ~10 ~ mbar), and the Co target
was placed at normal incidence with respect to the sub-
strate whereas Si atoms arrive at oblique incidence (~30°
with respect to the substrate normal). Two series of
[Cog.74S19.26(£)/Si(s)], multilayers were prepared: one with
the Si spacer thickness s fixed at 3 nm, and the number of
periods n varying from 1 to 10; and another one with only
two periods and s varying from 3 to 24 nm. In both series
the Cog 74Sip 26 layer thickness ¢ was fixed at 5 nm. In all
the cases a 3 nm thick Si buffer layer was grown on top of
the native oxide of the substrate before growing the corres-
ponding multilayer. A protective capping layer of Si of the
same thickness was always deposited on top of the samples
in order to prevent oxidation.

A magnetooptical transverse Kerr effect (MOTKE) sys-
tem was used to study the hysteresis loops of the samples
at room temperature. The MOTKE signal, 6K, is defined as
8K =(R" — R)/R, where R" is the reflectivity for positive
applied magnetic field, R is that for negative field, and R
is the value for an idealized nonmagnetized sample, in
practice taken as the average of R and R . For a thin film,
OK is proportional to the magnetooptic constant O which,
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in a first approximation, is linear in the saturation magneti-
zation Ms.

Co0.74S10 26(¢)/Si multilayers were probed by continuous
wave ferromagnetic resonance. FMR field at room tempera-
ture was measured using a standard X-band electron para-
magnetic resonance spectrometer Bruker ESP 300 (~9.8 GHz)
for the full range of angles 0 between the external field direc-
tion and the normal to the film plane (0°-90°). Additionally,
in-plane angular dependences (azimuthal angle ¢ variation
from 0° to 360° for 6 = 90°) of the resonance field H, were
measured to determine the in-plane uniaxial anisotropy, ex-
pected in this system from previous studies [9,10].

3. Results and discussion

Magnetooptical studies reveal that the single layer of
Co0.74S10.26/Si has a coercive field of 0.5 Oe, and has, as all
the other multilayered samples involved in the experiment,
well defined uniaxial anisotropy with an anisotropy field of
approximately 20 Oe. The magnetic behavior of the series of
Co0.74510 26 (5 nm)/Si(s nm)/Cog.74Sip 26 (5 nm) trilayers is
demonstrated in Fig. 1 and shows the clear presence of an
AF coupling for Si spacer thicknesses up to 12 nm. All the
samples except the one with s = 24 nm have an almost null
remanence, presenting a clear plateau around H = 0. A step
in the loop appears for magnetization values close to zero,
which is related to the AF state of the trilayer. It is easy to
notice that the coupling between the layers is monotonical-
ly decreasing with the increase of s and completely disap-
pears above 20 nm. The coupling field strength g 4F for
the trilayer samples was extracted from the simple formula
(proposed in Ref. 10)

H; - H,

HgF = (1)

where H, is the field where the reversal process starts the
formation of an AF coupled state when the external field is
continuously decreasing from the maximum positive value,
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Fig. 1. Normalized MOTKE hysteresis
[Cog74Sig26(5 nm)/Si(s)], with different thicknesses of the Si layer
s. The curves have been vertically shifted for clarity.
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and H; is the field where the AF state suddenly breaks
leading to a fast change in magnetization up to values close
to the negative saturation.

For the case of the strongest AF coupling (s = 3 nm), the
magnetic evolution of the MOTKE hysteresis loop with in-
creasing number of periods of [Cog.74Si¢ 26 (5 nm)/Si(3 nm)],
is presented in Fig. 2. As the number of periods is in-
creased, other steps appear, although their field width de-
creases continuously, as well as the whole process of the
magnetization reversal between both saturated states keeps
smoothing, as it is shown in Fig. 2 for the case of n = 6
(note that the saturation field is much smaller than the ani-
sotropy field of 20 Oe obtained from the completely closed
hard axis hysteresis loops). None of the samples have zero
MOTKE signal at zero field, but most are very close to it.
For our case of only even number of periods the signal
takes no zero values even for a zero net magnetization
mainly due to interference effects. One can observe that
with the increase of the number of periods the strength of the
interlayer interactions is increasing, saturating at n = 6-8.
For multilayered samples the coupling field strength H fF
was extracted from the formula similar to Eq. (1):

e =t )
2
where Hj is the field at which the magnetization reaches
negative saturation. Whereas for the trilayers the values of
H3 and Hy are almost identical and it is easy to determine
Hj3, for multilayers only H4 can be clearly determined.

The FMR data were fitted using the well-known Kittel
equation with two parameters, the g-factor and the effective
anisotropy field, Herr = 4nM — H) , where M is the satura-
tion magnetization and H, is the sum of all possible per-
pendicular anisotropies (see Ref. 14 for more details). In
the case of ferromagnetic/nonmagnetic multilayers, the
expected contributions to /| are as follows: the surface-
related (H;), magnetocrystalline (Hy) and magnetoelastic
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Fig. 2. Normalized MOTKE hysteresis loops for

[Cog.74Si9 26(5 nm)/Si(3 nm)],, with different numbers of periods.
The curves have been vertically shifted for clarity.
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(Hs) terms, and the one due to the indirect exchange be-
tween the neighboring layers (Hex).

In-plane FMR angular dependence measurements con-
firmed the presence of a weak in-plane uniaxial anisotro-
py in all the samples (detected as well by MOTKE stu-
dies), with approximately the same anisotropy field value
Hinpiane = 20 Oe. We would like to remind that except very
special cases of strong in-plane uniaxial anisotropy (i.e.,
when Hi, piane s comparable with resonance field, see, for
example, Ref. 15) Hi, e can be easily extracted from the
Eq. (6) of Ref. 14. For the single period Cog.74Si 26 film,
the best fit to the out-of-plane H(0) dependence was ob-
tained with the effective anisotropy field Hegr = 0.9 kOe
that corresponds to My = H./4n = 73 G, in a good agree-
ment with the previous studies [9,10]. When going from
the single layer film to the trilayer one (n = 2), with a Si
interlayer thickness s = 3 nm, the effective anisotropy field
increases by 100 Oe. With the increase of the Si interlayer
thickness for n = 2, the effective anisotropy is decreasing
down to the value of the single layer film Hegr = 0.9 kOe
for s = 24 nm (see Fig. 3). For the second series (s is fixed
at 3 nm, n varies from 2 to 10), the effective anisotropy
gradually increases up to 1050 Oe, reaching the saturation
atn = 8 (see Fig. 4).

The obtained relative changes of the effective anisotro-
py (for trilayers with respect to the one with s = 24 nm; for
multilayers with respect to the single layer one) were com-
pared with the exchange coupling strength H le values
(see Fig. 5 and 6, respectively). One can observe that
H le and H.; dependencies in both cases are very similar
to each other. This fact allows us to suggest that the ex-
change coupling strength, despite being very weak, signifi-
cantly affects the effective anisotropy of the system: for the
[Cog.74Sip.26(5 nm)/Si(3 nm)]j¢9 multilayer the effective
anisotropy is ~17% bigger than for the single layered film.
There are several possible mechanisms that could change
the effective anisotropy of the system. As it was mentioned
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Fig. 3. Ferromagnetic resonance signals (first derivative of the
microwave absorption) at 6 = 0° for [Cog 74S1026(5 nm)/Si(s)]>
with different thicknesses of the Si layer s.
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Fig. 4. Ferromagnetic resonance signals (first derivative
of the microwave  absorption) at 6=0° for

[Cog.74Si9 26(5 nm)/Si(3 nm)],, with different numbers of periods.

above, the effective anisotropy consists of the shape aniso-
tropy (that is proportional to the saturation magnetization),
the surface-related (Hy), magnetocrystalline (H) and mag-
netoelastic (Hg) contributions, and the one due to the indi-
rect exchange between the neighboring layers (Hex). In
case of amorphous magnetic layers, Hy and Hy should be
negligibly small as compared to 4nMj, and H; at the given
thickness of ferromagnetic layer = 5 nm is also very small
and independent of n, so that all these contributions can be
excluded from the further discussion. Exchange coupling
Hex could also modify Hegr, however, direct calculations of
Hex contribution using formulas from Ref. 13 demonstrate
that even for the strongest coupling (i.e.,
Co9.74Sip 26(5 nm)/Si(3 nm)];, sample) the additional con-
tribution to Hegr will be ~ 10 Oe, i.e., 17 times less than the
value found from the FMR experiments. Even more, in
case of an AF exchange coupling strong enough to notice-
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Fig. 5. Comparison of the exchange field strength (obtained
from MOTKE measurements) and change in the effective aniso-
tropy field with respect to the sample with s = 24 nm (obtained
from FMR measurements) for trilayers with different Si layer
thickness.
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ably change the FMR resonance fields, the H,(0) angular
dependence will change in a different way than observed
here: both for in-plane and perpendicular-to-plane configu-
rations the H, values will shift to higher fields comparing
to the noninteracting sample. As a result, the formal analy-
sis using Kittel formula will demonstrate a change of the g
factor rather than in Heg. Actually, the g factor was almost
the same (= 2.15) for all the samples included in this study.
Thus, the influence of Hex on effective anisotropy appears
to be negligible.

Therefore, after all other terms have been excluded, the
only possible explanation left for the observed enhance-
ment in Hegr is the change of the saturation magnetization
as a function of either the Si spacer thickness for the trilay-
ers or the number of periods for the multilayers. This
change in M; is proportional to the exchange coupling
strength in the sample. Two possible factors could modify
the room temperature My in these multilayers: First, the
variation of the Si spacer thickness of the trilayer may
change the Si diffusion rate from the spacer to ferromag-
netic layers and, as a result, the Co content and magnetiza-
tion of the trilayers with different s values will change
gradually. However, this scheme cannot explain the gra-
dual increase of the magnetization in the multilayered
samples with increasing period numbers. Also, in the case
of interdiffusion, the Co concentration will gradually
change from the border to the center of the layer. This
should increase the FMR linewidth of the samples with
lower Hegr (i.e., saturation magnetization). However, no
significant and systematic change of the FMR linewidth
was found in the samples under study. Second, it is known
that for Coq 74Sip26 the Curie point is close to the room
temperature. Then if the exchange coupling can change T¢
even slightly, it still can lead to a noticeable change of the
room temperature magnetization which could explain all
the obtained results for both series.
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Fig. 6. Comparison of the exchange field strength (obtained from
MOTKE measurements) and relative change in effective aniso-
tropy field with respect to the single layer sample (obtained from
FMR measurements) for multilayers with different number of
periods.
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Conclusions

The exchange coupling strength H le in
[Cog.74Si9.26(5 nm)/Si(s)],, was tuned either by varying the
Si spacer thickness s for the [Cog. 74Sig26(5 nm)/Si(s)]2
series or by changing the number of periods n for the
[Cog.74S19.26(5 nm)/Si(3 nm)],, series. The relative increase
of the effective anisotropy field and, the corresponding
saturation magnetization (for trilayers with respect to the
one with s = 24 nm; for multilayers with respect to the sin-
gle layer one) obtained from FMR measurements was
found to be proportional to H qu .
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