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Abstract: A series of Co/Si/( Co/ Cu/ Co) multilayers and Co/Si/ Co sandwiches were prepared by high vacuum

electron-beam evaporation. It was found that a Si spacer ( 20.9 nm) could greatly decrease the interlayer coupling in

Co/ Si/ Co sandwiches and there was no magnetoresistance( MR) or spirvalve MR in them due to the high resistivity
of Si spacer. While in Co/Si/ ( Co/ Cu/ Co) multilayers, we observed a spirvalve MR of about 0.5% through a
nominal 2. 7 nm Si spacer at room temperature. The spin-valve MR in Co/ Si/ ( Co/ Cu/ Co) multilayers was attributed

to the enhanced spin polarization of conduction electrons caused by the top Co/ Cu/ Co sandwich with GMR mecha-

nism and high spin-dependent scattering at Co/ Cu interface.
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1 INTRODUCTION

Multilayers and spimrvalve structures with
giant magretoresistance( GMR) effect are of great
importance both for application and fundamental
research!™ . Most of them use Cu as non-magnetic
spacer. The multilayers or sandwiches with a
semiconductor spacer have also been studied inten-
sively, mainly for their interlayer antiferromagnetic

"' Toscano et al”

(AF) coupling characteristic'”
first found the

through an amorphous Si( ®Si) spacer in Fe/ Si/ Fe

oscillatory exchange coupling
sandwiches, and thus suggested that the definite
Fermi surface of spacer was not necessary to obtain
Fullterton et
al'” discovered that the AF exchange coupling ex-

an interlayer coupling. However,
isted only in the case of crystalline spacer of Fe Si
compounds which were formed due to Fe/Si inter-
face reaction at thin Si thickness (< 2nm) in Fe/ Si
multilayers, while no coupling was found with a
thicker Si spacer (> 2nm). Later, Mattson et al'”
reported the photo-induced AF coupling in Fe/ (Fe
Si) superlattices, which, nevertheless, was
thought to be a heat effect
Landolt'®. In the anttferromagnetically coupled
Fe/ Si multilayers, Inomata et al'” found a weak

by Briner and

magnetoresistance( MR) of 0. 15% in current-in-
plane( CIP) mode at room temperature( RT) and
the opposite temperature dependences at different
Si spacer thickness which was ascribed to the dif-
ferent nature of spacers between iron silicide for
thin spacer and @ Si for thick spacer. However, in
the subsequent comment on Inomatas finding,
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Broeder and Kohlhepp'"” pointed out that the MR
at 3. 5nm Si spacer containing & Si could not be at-
tributed to AF coupling, but only a result of some
spin- dependent conduction. Endo et al''! later re-
ported a MR of 0.3% 7~ 0. 6% in current-perpendic
ular-to-plane( CPP) geometry for Fe/Si multilay-
ers. In this paper, we report our study on the MR
and magnetic coupling in Co-based multilayers. By
using polarization effect in the top Co/ Cu/ Co sand-
wich, we succeed in observing a spinr-valve MR in

Co/ Si/ (Co/ Cu/ Co) multilayers.

2 EXPERIMENTAL

All samples were prepared by high vacuum
electron-beam evaporation. The base pressure of
growth chamber was about 10"’ Pa, and the work-
ing pressure about 10" ° Pa. The Si(100) wafer
used as substrate was cleaned in supersonic bath in
organic solutions and etched by dilute HF acid pri-
or to growth. The samples rotated with the holder
during growth. The evaporation rate was 0. 05 nm/
s for all Cr, Co, Si and Cu layers. The thickness
of each layer was imrsitu controlled by quartz oscil-
lating thickness monitor and the thickness was cal-
ibrated by Rutherford Back-scattering spectrosco-
py. The chamber temperature was under 35 C
during growth. A vibrating sample magnetometer
was used to measure hysteresis loop for the sam-
ples. The magnetoresistance was obtained by tra-
ditional four-probe method in CIP geometry. All
these measurements were undertaken at RT. As
defined the

usual, we magnetoresistance as
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MR= (R- Rs)/Rs, where Rs is the resistance at

saturation field.
3 RESULTS AND DISCUSSION

We first fabricated a series of sandwich sam-
ples with a structure of Si( 100)/Cr 5 nm/ Co 5 nm/
Si tsi/ Co 5 nm, where Cr is a buffer layer and tsi is
the Si spacer thickness. Unlike Fe/ Si multilayers
or sandwiches, the Co/Si/ Co sandwiches show no
indication of interlayer coupling when the nominal
Si spacer thickness is over 0. 9nm. Fig. 1(a) shows
a typical hysteresis loop for Si( 100)/ Cr 5 nm/Co 5
nm/ Si tsi/ Co 5 nm samples. It is apparent that this
hysteresis loop is for a sample with two different
coercivity layers. In order to confirm it, we pre
pared two other samples, Si(100)/Cr 5 nm/Co 5
nm/ Si 3 nm and Si( 100) /Si 3 nm/ Co 5 nm, to sim-
ulate the environment of the bottom Co layer and
the upper Co layer. We obtained a coercivity of
13. 7kA/m for the former and 2. 3 kA/m for the
latter. It is clear that the Cr buffer layer enlarges
the coercivity of its adjacent bottom Co layer. T his
result is consistent with the reported one'”'. So in
Fig. 1 (a), the uncoupled Si( 100)/Cr/Co/Si/ Co
sandw iches display a two-stage hysteresis loop on
which two plateaus appear as a result of the antr
parallel alignment of two Co layers magnetic mo-
ments. However, in spite of the antrparallel align-
ment of two adjacent magnetic moments, there is
no evident GMR or spin-valve MR in these uncoup-
led sandwiches except the small MR of individual
Co layers. Fig. 1(b) shows two MR curves for the
applied field H parallel to current I and perpendic
ular to I respectively. It can be seen that the MR
reverses its sign when the angle between H and [/
changes from 0° to 90°, which is just the character-
istic of MR behavior of Co layer itself. The ab-
sence of GMR or spin-valve MR might be caused
by the high resistivity of Si spacer. For compari-
son, a sandwich of Si(100)/Cr 5nm/Co 5nm/Cu 3
nm/ Co 5nm was prepared, whose saturation resis-
tivity was only 16 HQ * ¢m, near one third of 43 HQ
* cm of the sandwich with a 3 nm Si spacer. The
spinrpolarized conduction electrons would almost
lose their spin information by the high spinrinde-
pendent scattering when crossing the Si spacer.
Thus the condition for GMR or spin-valve MR is
destroyed.

It is well known that evaporated Si are readily
in an amorphous form, and the interdiffusion easily
happens to form silicides at metal/ ®Si inter-
face'™'* ' It is also true in our case of Co/Si
interface. Fig. 2 shows the saturation resistivity
dependence of the Co/Si/ Co sandwiches on the
nominal Si spacer thickness. In Fig. 2, it is easy to
find that the resistivity increases in two different
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Fig. 1 Normalized hysteresis loop(a) and
MR curves(b) for Si(100)/Cr 5 nm/ Co 5 nm/
Si2.7nm/Co 5 nm
(In upper panel of (b), the applied field H is
perpendicular to measuring current /,
while parallel to I in the lower panel of (b))
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Fig. 2 Saturation resistivity Q dependence of
sandwiches Si( 100)/ Cr 5 nm/ Co 5 nm/

Si tsi/ Co 5 nm on nominal Si thickness ts;

rates before and after 1. 5 nm Si spacer thickness,
which implies that the Co-Si interdiffusion occurs
up to nominal 1. 5 nm Si and @ Si appears in the Si
spacer thicker than 1. 5 nm. The interdiffusion
length of 1.5 nm for Co/Si interface is consistent
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metal/ ®Si  inter-

. The further investigation revealed

with results for other

faCeS[SA 6, 16, 17]
that the interface reaction at Co/ Si is not asymmet-
ric, 1. e. the diffusion length of Co atoms into Si is
larger than that of Si atoms into Co. The more de-
tailed results on the Co/Si interdiffusion will be
published elsew here.

To overcome the drawback of highly resistive
Si spacer, it is necessary to enhance the spin polar-
ization of conduction electrons so that even after
the spacer s strong scattering, the highly spinpo-
larized conduction electrons can still reserve some
spin information. Then, it s possible to observe a
GMR or spinrrvalve MR through the Si spacer. To
do it, we replaced the top Co layer in the above
mentioned Si( 100)/Cr/ Co/Si/ Co structures with
another Co/ Cu/ Co sandwich. It s also well known
that Co/ Cu multilayers or Co/ Cu/ Co sandwiches
have a high GMR effect!™ which, however, is
mainly contributed to spin-dependent scattering at
Co/ Cu interface rather than that in bulk Co'"™ *".
It is conceivable that the top Co/ Cu/ Co sandwich
will polarize conduction electrons more than only a
single Co layer for its GMR mechanism and high
spin-dependent scattering at Co/ Cu interface. Fur-
thermore, due to the strong interlayer coupling in
Co/ Cu/ Co sandwich, the two Co layers show the
same hysteresis loop(see Fig. 3). So we can treat
the top Co/ Cu/ Co sandwich as one single ferro-
magnetic layer. Fig. 4 shows the MR curve and
hysteresis loop for the structure of Si( 100)/Cr 5
nm/Co 5 nm/Si 2. 7nm/(Co 5 nm/Cu 3 nm/Co 5
nm). At the thickness of 2. 7 nm, the Si spacer
contains @ Si besides the Co-Si silicide interface
layers. Due to the decoupling effect of Si spacer,
the hysteresis loop in Fig. 4(b) has also two plat-
eaus similar to those in Fig. 1(a). On the plateaus,
the magnetic moments of the bottom Co layer and
the top Co/Cu/Co sandwich align themselves in
opposite direction. To see the MR and hysteresis
behavior of the top sandwich, we prepared a sand-
wich of Si(100)/Si 2.7 nm/ Co 5 nm/ Cu 3 nm/Co 5
nm and measured its MR curve and hysteresis loop
which are also shown in Fig. 4. An apparent differ-
ence between the MR curve of the sample Si( 100)/
Cr/ Co/ Cu/ ( Co/ Cu/ Co) and that of the sample Si
(100) / Si/ Co/ Cu/ Co is that on the root of declining
edges, the former is convex while the latter is con-
cave, see Figs. 3 and 4. Furthermore, it is found
that the convex parts on the MR curve are also lo-
cated in the same applied field range of the plateaus
on hysteresis loop for the sample Si( 100)/ Cr/ Co/
Cu/ (Co/ Cu/Co). So it can be considered that the
MR on the convex curve is a result of antrparallel
alignment of the magnetic moments of the bottom
Co layer and the top Co/ Cu/Co sandwich. When

we changed the angle between field H and current

I, we found nearly no variance of the MR behavior
and the convex shape remained, which indicates
that the convex MR is not the characteristic of Co
bulk, but a spinrvalve MR through the & Si spacer.
We took the MR of 0. 5% at the edges of the plat-
eaus on the hysteresis loop, about F11.1kA/m,
as the value of the spin-valve MR through the aSi
spacer. At £11.1kA/m, the top Co/ Cu/Co sand-
wich should already be in the opposite magnetic
saturation and has no spimrvalve MR, while the
bottom Co layer still remains its original magneti-
zation orientation(see Fig. 4).
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Fig.3 MR curve(a) and normalized hysteresis
loop(b) for Si(100)/Cr 5 nm/Co 5 nm/
Cu 3 nm/Cu 5nm

To prove the spirvalve MR through «Si
spacer, we performed a MR measurement in an
asymmetric scanning field. First, we put the sam-
ple Si(100)/Cr/ Co/ Cu/( Co/ Cu/Co) in positive
saturation field of 35. 8 kA/m to align both mo-
ments of bottom Co layer and top Co/ Cu/ Co sand-
wich. Then the field was reduced to zero and in-
creased in reverse direction up to — 11. 5 kA/m,
after which the field was turned back to positive
11.5kA/m. The MR curve in such an asymmetric
scan is shown in Fig. 5(solid line), accompanied by
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Fig.4 MR curves(a) and normalized hysteresis
loops(b) for Si( 100)/ Cr 5 nm/ Co 5 nm/
Si2.7nm/(Co 5nm/Cu 3 nm/Co 5 nm)

(solid line) and Si(100)/Si 2.7 nm/ Co 5 nm/
Cu 3 nm/Co 5 nm ( dashed line)

(Arrows in (b) stand for magnetic moments of
top Co/ Cu/ Co sandwich (long) and of
bottom Co layer (short))
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Fig. 5 MR curves in symmetric field scan (dot line)
and asymmetric field scan (solid line) for

Si(100)/ Cr 5 nm/ Co 5 nm/Si 2.7 nm/
(Co 5nm/Cu 3 nm/ Co 5 nm)

the MR curve in full symmetric scan( dot line). It
can be seen that the asymmetric MR from 35. 8
kA/m to — 11. 5 kA/m follows the same trace as
the symmetric MR. However, when coming back

from — 11.5 kA/m, the asymmetric MR has a dif-
ferent behavior from the symmetric MR that the
asymmetric MR curve is concave rather convex on
the root of declining edge, as indicated in Fig. 5. In
the asymmetric scan, the magnetic moment of the
bottom Co layer basically reserves its direction
while the top Co/ Cu/ Co sandwich finishes a com-
plete hysteresis loop. So the asymmetric MR is
mainly the contribution of the top sandwich. Espe-
cially after the MR peak in the back scan of field
from — 11. 5 kA/m to 11. 5 kA/m, the magnetic
moment of the top sandwich is reversed to be par
allel again to that of the bottom Co layer, which
eliminates the spir-valve MR between the two mo-
ments through the & Si spacer. So only the concave
characteristic of top Co/Cu/Co sandwich appears
on the asymmetric MR curve.

4 CONCLUSIONS

The electron-beam evaporated Co/ Si/ Co sand-
wiches show no indication of GMR or spin-valve
MR. When the nominal thickness of Si spacer rea
ches 0. 9 nm, the interlayer coupling between the
two Co layers is sufficiently reduced. The inter
diffusion length at Co/ Si interface is about 1. 5 nm,
above which amorphous Si( ®Si) forms. The high
resistivity of Si spacer destroys the Co/Si/Co
sandwiches GMR or spim-valve MR. By replacing
the top Co layer in the Si( 100)/Cr/ Co/Si/ Co
structure with a top Co/ Cu/ Co sandwich, we have
succeeded in observing a spimrvalve MR of about
0.5% through an Si spacer at room temperature.
The GMR mechanism and high spin-dependent
scattering at Co/ Cu interface in top Co/Cu/ Co
sandwich enhance the spin polarization of conduc
tion electrons, which in turn increases the spimr
valve MR through an @Si spacer to an observable
level.
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