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Abstract. The structural, magnetic and transport properties of sputtered Fe/Si multilayers were studied.
The analyses of the data of the X-ray diffraction, resistance and magnetic measurements show that heavy
atomic interdiffusion between Fe and Si occurs, resulting in multilayers of different complicated structures
according to different sublayer thicknesses. The nominal Fe layers in the multilayers generally consist
of Fe layers doped with Si, ferromagnetic Fe-Si silicide layers and nonmagnetic Fe-Si silicide interface
layers, while the nominal Si spacers turn out to be Fe-Si compound layers with additional amorphous Si
sublayers only under the condition either ¢s; > 3 nm for the series [Fe(3 nm)/Si(fsi)]s0 or tre < 2 nm
for the series [Fe(tre)/Si(1.9 nm)]so multilayers. A strong antiferromagnetic (AFM) coupling and negative
magnetoresistance (MR) effect, about 1%, were observed only in multilayers with iron silicide spacers and
disappeared when a-Si layers appear in the spacers. The dependences of MR on ts; and on bilayer numbers
N resemble the dependence of AFM coupling. The increase of MR ratio with increasing N is mainly
attributed to the improvement of AFM coupling for multilayers with N. The ¢re dependence of MR ratio
is similar to that in metal/metal system with predominant bulk spin dependent scattering and is fitted by
a phenomenological formula for GMR. At 77 K both the MR effect and saturation field Hs increase. All
these facts suggest that the mechanisms of the AFM coupling and MR effect in sputtered Fe/Si multilayers
are similar to those in metal/metal system.

PACS. 72.15.Gd Galvanomagnetic and other magnetotransport effects — 73.40.Sx Metal-semiconductor-

metal structures

1 Introduction

The discovery of the giant magnetoresistance (GMR) ef-
fect related to the antiferromagnetic (AFM) interlayer
exchange coupling in Fe/Cr multilayers [1] stimulated a
great deal of research in various multilayers in the last ten
years for understanding interesting physics and exploring
useful properties. Fe/Si multilayers are a particular topic
of research due to their potential technological applica-
tions in microelectronics and interesting antiferromagnetic
interlayer coupling behavior [2-15]. Although a number
of experimental work has been done to understand the
mechanism of the interlayer coupling in this system, the
results are controversial and it is not yet well understood
how the formation of iron silicide in the spacer affects the
coupling. The resistivity and magnetoresistance are sen-
sitively dependent on the electronic structure of the mul-
tilayers, and thus their measurements can provide impor-
tant information about electronic and magnetic properties
of the multilayers. However, the studies of the transport
properties on Fe/Si multilayers were very limited. Inomata
et al. reported firstly their observation of a negative mag-
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netoresistance (MR) effect with two different temperature
dependences as a function of Si thickness and concluded
that the magnetic coupling is mediated by a narrow gap
semiconducting iron silicide for thin Si spacers [11]. How-
ever, recent research gave an opposite opinion that the
AFM coupling in Fe/Si multilayers is attributed to the
formation of metallic silicides in the interlayer [7,9,14,15].
In addition, the magnitude of the MR ratio found by In-
omata et al. is very small (about 0.1% at room tempera-
ture) and whether the MR effect is associated with AFM
coupling in Fe/Si multilayers is also questioned [12]. More-
over, the detailed data of the magnetic transport proper-
ties in Fe/Si multilayers, such as the dependencies of the
resistivity and MR on the Fe and Si layer thicknesses and
whole film thickness are not available in the literatures. In
order to have a better understanding on the mechanism of
the MR effect and the interlayer coupling in Fe/Si multi-
layers, more detailed study on transport properties in this
system is needed. In this paper we present our study on
the structure, magnetic and transport properties of sput-
tered Fe/Si multilayers with larger MR ratio of about 1%
and Ap =~ 2 uflem associated with AFM coupling. Our
data suggest that the mechanism of the MR effect and
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Fig. 1. Low-angle and high-angle X-ray diffraction patterns of
[Fe(3 nm)/Si(fsi)]s0 multilayers with ¢s; = 2 nm, and 3.5 nm
respectively.

interlayer coupling in sputtered Fe/Si multilayers is same
as in metal/metal system.

2 Experimental

Several series of Fe/Si multilayers were deposited on water
cooled glass and Si substrates by rf sputtering. The vac-
uum system had a base pressure of 5x 10~7 Torr. An argon
gas pressure of 5 mTorr was maintained during deposition.
The layered structure was achieved by alternately expos-
ing the substrate to Fe or Si targets via a rotating sub-
strate holder controlled by a computer. The thicknesses of
the sublayers were controlled by exposure time and deposi-
tion rate. To determine the deposition rate, several thick
single layer films were first made and their thicknesses
were measured by a talystep-type surface profilometer and
by an optical interference method. The deposition rates
of Fe and Si were controlled to be 0.09 and 0.06 nm/s.
respectively. All the samples were deposited in the same
condition.

The structure was characterized by both low- and high-
angle X-ray diffraction (XRD). The samples were cut into
bars of 2 cm x 0.2 cm for resistance and MR measurement
by the standard four-probe method with an applied field
in the film plane. The magnetic hysteresis loops were mea-
sured using a vibrating sample magnetometer (VSM) with
a magnetic field of 0-20 kOe applied in the film plane. The
signal due to the multilayers is obtained by subtracting the
signal due to the substrate.

3 Results and discussion
3.1 Dependence on Si thickness

The first series of [Fe(3 nm)/Si(#s;)]s0 films were prepared
with nominal Si layer thickness tg; = 0.5—4.0 nm, for

exploring the Si layer thickness dependence of the mag-
netic and transport properties. Figure 1 shows two typi-
cal low- and high-angle X-ray diffraction (XRD) patterns
of [Fe(3 nm)/Si(tg;i)]s0 films with nominal Si layer thick-
ness tg; = 2 nm, and 3.5 nm respectively. The low-angle
X-ray diffraction peak at an angle 26 satisfies the following
relation [7]:

n*\? = 4A?sin®  + 20 (1)

where A is the X-ray wavelength, A = tg. + fg; is the mul-
tilayer bilayer period to be determined and ¢ is the index
of refraction for X-rays. Using the spacing between peak
positions to eliminate the unknown ¢ from equation (1)
gives the value of the bilayer period A. For the samples of
[Fe(3 nm)/Si(2 nm)|sp and [Fe(3 nm)/Si(3.5 nm)]sg, the
derived modulation wavelengths A are 4.06 nm, and
5.6 nm, respectively, and are 0.94 nm and 0.90 nm shorter
than the designed thicknesses, respectively. The reduction
of the modulation wavelength indicates that there is a
interdiffusion between Fe and Si layer. It is known that
Fe-Si compounds are easily formed due to interdiffusion.
Thus in this paper the layer materials, Fe and Si, and layer
thicknesses are all nominal. In the high-angle XRD pat-
tern (20 = 20° ~ 70°), only the Fe(011) diffraction peak
appears. which is greatly broadened when tg; > 3 nm. The
crystalline coherence length (£) of the films is obtained
from the full width at half maximum (fwhm) by Scher-
rer formula [16]. For films with #s; < 3 nm, the coherence
length is £ = 25 nm, which is about four to five times of the
bilayer period of the film, indicating a crystalline spacer
with fairly good quality. For the films with tg; > 3 nm, the
obtained coherence length is ¢ = 3.2 nm, shorter than one
bilayer period of the film, which, we assume, is due to the
appearance of amorphous Si layer in the spacer [3]. It is
noted that the coherence length (§ = 25 nm) of our films
for tg; < 3 nm is longer than those of Fullerton’s sample
(¢ = 15 nm) [3], implying that our samples have a better
quality of crystalline structure.

The in-plane magnetic hysteresis loop measurements
show an enhanced saturation field and reduced remanence
in a broad range with the extreme around tg; = 1.9 nm,
indicating AFM coupling, but no evidence of additional
AFM coupling peaks for t5; > 3 nm. Figure 2a shows
ts; dependences of saturation field and remanence ratio
for films of [Fe(3 nm)/Si(fsi)]s0, where tgi= 0.5 to 4 nm.
The AFM coupling is also identified by measurements of
isotropic negative MR effect. Figure 2b shows the tg; de-
pendence of MR ratio for the films of [Fe(3 nm)/Si(fsi)]s0,
tsi= 0.5 to 4 nm. The peak position of MR ratio is
nearly the same as that of the saturation field H,; and
the minimum of remanence ratio. So, the MR effect found
here is identified as being associated with the AFM cou-
pling as in the metal/metal multilayers. Figure 3 shows
typical M-H loops and MR-H cures for the sample of
[Fe(6 nm)/Si(1.9 nm)]3o multilayer at room temperature
(RT) and 77 K, respectively. The MR ratio is 0.46% at
room temperature (RT), and 0.74% at 77 K. It is shown
that the saturation field H,; determined from in-plane M-H
curves is nearly the same as that determined from MR-
H curves, and both the MR ratio Ap/p or MR Ap and
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Fig. 2. The dependences of Si thickness on (a) saturation field
and in-plane remanence ratio, (b) MR ratio at RT and 77 K,
(c) resistivity p in zero field and 1/R; at RT and 77 K for the
films of [Fe(3 nm)/Si(tsi)]s0 with tg; = 0.5 to 4 nm.
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Fig. 3. The applied magnetic field dependences of magne-
tization and magnetoresistance for the sample of [Fe(6 nm)
/Si(1.9 nm)]so multilayer. (a) In-plane M-H loops at RT and
77 K, (b) MR-H cure at RT and 77 K, respectively.

saturation field H, increase at 77 K, while the resistivity
p decreases with decreasing temperature. The increase of
the interlayer coupling and MR and the decrease of the
resistivity on cooling is a common nature in metal/metal
system. An increase of the in-plane remanence ratio at
77 K was observed, consistent with previous observation
on this system, which may be attributed to the increase of
biquadratic coupling on cooling as shown by Fullerton [10].
Our results of the increase of both the saturation field and
MR Ap on cooling is incompatible with the speculation
that the magnetic coupling across the Fe-Si spacers is me-
diated by the thermal excitation of charge carriers in the
semiconducting spacers as suggested by several authors
for their samples [4,11].

Figure 2c shows the variation of the resistivity p in zero
field versus nominal Si layer thickness tg; at RT and 77 K.
It is shown that the resistivity increases with increasing
ts; for the films with ts; < 3 nm. Near ts;= 3 nm the resis-
tivity increases rapidly, and when ts; > 3 nm it is nearly
constant with a slight decrease tendency. The tg; depen-
dence of the resistivity in this system is quite peculiar
and different from many different metallic multilayered
system [23]. It can also be seen that with increasing tg;
the temperature dependence of the resistance is weakened
and the sign of the temperature coefficient of the resis-
tivity (TCR) changes for tg; > 3 nm films. It is known
that Fe-Si silicide is easily formed at the interface due to
atomic intermixing and interdiffusion, and the resistivity
of Fe-Si silicide is much higher than the resistivity of Fe
and has a weak temperature dependence [17]. Thus the
peculiar fg; dependence of the resistivity for ts; < 3 nm
can be explained as mainly due to the increase of interdif-
fusion and the silicide formation with increasing tg;. The
rapid increase of the resistivity and changes of XRD data
and the sign of TCR at fs; = 3 nm can be understood by
that in addition to the Fe-Si layer an a-Si layer appears in
the spacer for tg; > 3 nm. The appearance of a-Si layer in
the spacers stops the increase of interdiffusion and results
in the change of the slope in the figure in one hand, and
prevents the AFM coupling in other hand.

To better understand the behavior of the resistivity p
versus ts; it is helpful to study the sheet resistivity of an
individual Si (or Fe) layer in the multilayer stacks. If the
multilayer is treated as a system of parallel conductors, the
bilayer resistance per unit area R}, can be calculated [18].
Ry is equal to N Ry, where N is the number of bilayers of
the multilayer and Ryp, the total film resistance per unit
area, is equal to p divided by the film thickness. From the
data of p ~ tgi, 1/Ry (= (tsi + tre) /p) is plotted versus
nominal Si layer thickness (tg;) as shown Figure 2c. It is
seen that the dependence of 1/ Ry, versus nominal Si layer
thickness tg; for coupled films (t5; < 3 nm) is quite differ-
ent from that of the uncoupled films (#g; > 3 nm) due to
different properties of spacer. For the coupled films (#g; <
3 nm), as mentioned above, the a-Si layer is not formed in
the spacer, therefore, the bilayer consists of Fe layer and
Fe-Si silicide layer, and 1/R, = 1/Rpe + 1/ Rpe—si, Where
Rr. and Rpe_g; are the resistance values of Fe and Fe-
Si layers within a bilayer, respectively. The values of Ry,
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and Rpe_g; vary with tg; due to increase of interdiffusion,
which leads to a decrease of 1/Ry (= 1/Rpe + 1/Rre—si)
with increasing ts;. When tg; > 3 nm, in addition to the
Fe-Si layer the a-Si layer is formed in the spacer, and the
bilayers consist of Fe, a-Si, and Fe-Si silicide interface lay-
ers. Also, 1/R, = 1/Rpe + 1/Rsi + 1/Rpe—si , where Rpe
Rsi and Rp._gs; are the resistances of the Fe, a-Si and Fe-
Si silicide interface layers, respectively. The resistance R,
is equal to p, /t, (resistivity / thickness), where x refers to
Fe, a-Si and Fe-Si silicide. For tg; > 3 nm the resistances
of Rpe and Rpe_s;i are nearly constant. The inverse of the
slope of the linear part (3 nm < f#s; < 4 nm) of the curve
of 1/ Ry, versus tg; gives the resistivity of a-Si layer in a
bilayer as about pg; &~ 280 p{2cm which is near the resistiv-
ity of a heavy impurity silicon. The impurity, which may
reduce the resistivity of a-Si layer, may be present in our
sputtered thin films. In the same way we will study below
the intrinsic resistivity of Fe layers in the multilayers.

3.2 Dependence on Fe thickness

The second series of [Fe(tpe)/Si(1.9 nm)]sp multilayers was
prepared with tg, = 0.5 to 14 nm and tg; = 1.9 nm cor-
responding to the maximum AFM coupling. The magne-
tization of the film M, defined as the measured magnetic
moment divided by the volume of nominal Fe layer thick-
ness tpe is determined from the in-plane magnetization
curve measured by VSM. The relationship between Mg,
and tpe is shown in Figure 4a, which can be described by
a straight line M (tpe) = Mo(1 — 2do/tre) [19,20], where
My is the average magnetization of Fe layers, dy refers
to an effective dead layer thickness at each Fe/Si inter-
face. By fitting the experimental data with a straight line
as in Figure 4a, we obtain My = 1540 emu/cm?®. This
value of magnetization is smaller than the magnetization
of 1730 emu/cm? for a single Fe film of 100 nm thick pre-
pared by us in the same conditions, which is close to the
bulk value of Fe. The low magnetization of the Fe layers
My in the multilayered structure is indicative of the dif-
fusion of Si and also probably due to the lower density
of the Fe in the layered structure as in other multilay-
ered system [22]. From the interception of the fitted line
with = axis in Figure 4a, the effective dead layer thickness
is obtained as about dy = 0.45 nm. The zero magneti-
zation moment of the dead layer at each Fe/Si interface
may be ascribed to the heavy intermixing between Fe and
Si, leading to the formation of a thin nonmagnetic Fe-Si
interfacial layer.

It is interesting that when tre < 2 nm the Fe (110)
diffraction peak in XRD pattern disappears, the sign of
the temperature coefficient of the resistivity (TCR) also
changes from positive to negative as shown in Figure 4c. In
addition, the AFM coupling and negative MR were not ob-
served though Mj; still remains not zero for tge > 0.9 nm.
These facts can be understood as the results of the change
of the nominal Fe layer into mostly Fe-Si silicide interface
layers and the appearance of a-Si layer in the spacer when
nominal Fe thickness is made below 2 nm and Fe atoms
are insufficient to diffuse into the Si spacer. The negative
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Fig. 4. The Fe layer thickness dependences of (a) saturation
field H, and M, tre at RT, (b) MR ratio at RT and 77 K, (c)
resistivity in zero field and 1/Ry at RT and 77 K, respectively,
for the films of [Fe(tr.)/Si(1.9 nm)]so with & = 1 to 14 nm.

TCR for tpe < 2 nm is a strong evidence of the appear-
ance of a-Si in spacer, because the Fe-Si silicide has a
very weak temperature dependence [17]. The formation
of a ferromagnetic silicide layer and the dead layers at
the interface of Fe is also consistent with the previous ex-
perimental results determined by spin- and angle-resolved
photoemission method by Klésges et al. [15].

The saturation field H; is inversely proportional to tge
for tpe > 2 nm as shown in Figure 4a. The dependence of
MR ratio on tp. is plotted in Figure 4b. The shape of MR
versus tpe is different from that observed in Fe/Cr multi-
layers, for which MR ratio decreases monotonically with
tre for Fe layer thickness above 1 nm [21], demonstrating
the dominant role of interfacial spin-dependent scattering
in Fe/Cr. Here the broad maximum of MR at tg, ~ 5 nm
suggests that bulk spin-dependent scattering prevails in
Fe/Si multilayers as found in some magnetic/nonmagnetic
metallic system [23]. The Fe layer thickness dependence
of the MR at RT and 77 K plotted in Figure 4b can be



L.N. Tong et al.: Magnetic and transport properties of sputtered Fe/Si multilayers 65

well fitted by the following phenomenological formula for
GMR [22,23]:

MR(tp) = <@>0 M - (2)

R 14 4

In this expression, the numerator is related to the proba-
bility for the scatter of spin-down electron as it traverses
a ferromagnetic layer, while the denominator is related
to the shunting effect of the current in the ferromagnetic
layer. The normalization constant (AR/R)o depends on
the coupling between the ferromagnetic and nonmagnetic
layers and on the thickness of the nonmagnetic spacers as
well as on the number of periods. The fitted parameters
of (AR/R)y are about 22% at 77 K and 18.5% at RT,
respectively. The larger value of (AR/R)y at 77 K than
that at RT is consistent with the behavior of MR. The
parameters of ty corresponding to the shunting effect in
ferromagnetic layer derived from the fit is 0.7 nm at 77 K,
and 0.5 nm at RT, respectively. The value of \| deduced
from the fit as A\ = 15 nm at 77 K and A} = 13 nm at
RT gives an estimate of the mean free path (MFP) of the
spin-down electrons in the Fe layers, which is larger than
the modulation wavelengths, but smaller than the crys-
talline coherence length (£ = 25 nm). The long electronic
MFP is an important condition to observe MR effect in
multilayers and it is related to the crystalline structure
and coherence length. The coherence length of our coupled
films (£ = 25 nm) longer than that of previous samples is
probably a major reason of longer )| and larger MR effect
in our Fe/Si multilayers.

Figure 4c shows the tg. dependence of the resistiv-
ity p of the multilayers at RT and 77 K. An overall
decrease of the p with increasing tr. is contrary to the
ts; dependence of p shown in Figure 2c. It is shown
that with increasing tg. the resistivity p decreases more
slowly for tpe > 4 nm than that for tpe < 4 nm.
The temperature coefficient of resistance (TCR), defined
as TCR = [p(297 K) — p(77 K)]/[220p(297 K)], decreases
with decreasing tg. and changes sign for tg. < 2 nm which
is another evidence of the appearance of @-Si mentioned
above. It is noted that the difference of the resistance
between p(297 K) and p(77 K) are nearly constant for
tre > 4 nm as shown in Figure 4c. A slight decrease of the
TCR with decreasing tpe for tpe > 4 nm is caused mainly
by the slight increase of p(297) due to increase of interface
scattering when the tg, become smaller. When tp, < 4 nm,
the incoherent scattering at interfaces becomes more pro-
nounced and finally -Si layers appear, resulting in a more
rapid increase of the resistance with decreasing tg.. Fur-
thermore, the appearance of a-Si with negative TCR re-
sults in an compensation effect and leads to further de-
crease of TCR and finally its sign changes. Figure 4c also
shows the tp. dependence of 1/R;,. The sheet resistivity
of individual Fe layers in the multilayers as a function of
the Fe layer thickness is also studied following the method
used in above section from the data of the inverse of the
slope at different ranges on the curve of 1/ Ry ~ tg, shown

1.1 — 120
;-3’ (@) S 2 |18
e /m 116 ~

o 0.8+ 114 =

5 0.71 )

% 06 1129
> —O0—AR/R at RT <1_03
8-2’ —o—AR/R at 77k ~0_8<Q
o4 los
02'% ‘ ‘ ‘ ‘ oo 194

7 ]
(b)
184 ./ -

161 /./'

3 o

2 141 /

1271 —m—H_ atRT
10 —e—H_at 77K
841 =w

10 20 30 40 50 60

N
Fig. 5. The bilayer numbers N dependences of (a) MR ratio
Ap/p at RT and 77 K and MR Ap at RT, (b) Hs at RT and
77 K, respectively, for the [Fe(3 nm)/Si(1.9 nm)|n multilayers
with N =10 to 60.

in Figure 4c. It is found that with decreasing Fe layer
thickness the resistivity of individual Fe layer increases,
and the temperature dependence on the resistivity is also
weakened. In the range of tge = 10 to 14 nm, the Fe layer
resistivity is obtained as ppe ~ 14 uf2cm at RT' (compara-
ble to the bulk value of ppe = 9.8 uQdcm at RT [24] ) and
PFe &~ 5.6 puflcm at 77 K. When tg, = 3 nm the Fe layer
resistivity is about ppe ~ 35 pfdcm at RT and does not
change much down to 77 K. The increase of the resistance
of Fe layer with decreasing Fe layer thickness is the result
of the increase of interfacial scattering [25].

3.3 Dependence on the number of bilayers

The third series is [Fe(3 nm)/Si(1.9 nm)], multilayers
with N varying from 10 to 60. It is shown in Figure 5
that the MR ratio Ap/p increases with increasing N and
approaches to a saturation values above N = 40. The
saturation values are of 0.94% at room temperature and
1.05% at 77 K, which are largest values in our observa-
tions and in the literatures for sputtered Fe/Si multilay-
ers. This kind of N dependence of the MR ratio Ap/p is
similar to that for many different magnetic multilayered
systems [26]. It is well known that several factors may
affect the dependence of MR on N [21]. Firstly, the two
magnetic layers at either end of the multilayer contribute
to MR by only half as much as the magnetic layers within
the interior of the multilayer. This factor may be one of
the origin of the dependence of MR on N. Secondly, when
the whole film thickness is small compared to the mean
free path in the multilayer, the MR increases with N be-
cause the electrons may propagate across many sublayers
within a conduction carrier mean free path. However, for
our samples the effective mean free path of 13 nm at RT
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evaluated above is smaller than the thickness of our films
(the smallest thickness is 40 nm for N = 10). So, the sec-
ond argument may not be the main origin of the increase
of MR ratio Ap/p with increasing N and an additional
origin may exist. It is found that the increase of MR ratio
Ap/p with increasing N in our samples is not due to the
decrease of p but the increase of Ap as shown in Figure 5a.
In addition we observed that Hy also increases with N in
the similar dependence as shown in Figure 5b. It is well
known that Ap/p and Ap are affected by the degree of
antiparallelism of the M, in adjacent magnetic layers in
demagnetized state and thus by the strength of AFM cou-
pling. In other words, the increase of Ap/p and Ap with
N may be related to the increase of coupling strength as
found in previous work [3,7,13] in this system.

4 Conclusion

To sum up the above results and discussions we may draw
the following main conclusions:

(1) The X-ray diffraction data, resistance and mag-
netic measurements demonstrate that in addition to the
iron silicide at Fe/Si interface an «-Si layer begins to
appear in the spacer when tg; > 3 nm for the first se-
ries of [Fe(3 nm)/Si(si)]s0 multilayers and tpe < 2 nm
for the second series of [Fe(tpe)/Si(1.9 nm)]3o multilayers.
The nominal Fe layer generally consists of Fe layer, ferro-
magnetically ordered Fe-Si silicide layer, and nonmagnetic
iron silicide dead layers at the interface of about 0.9 nm
thickness.

(2) AFM coupling and negative MR effect were ob-
served only in multilayers with iron silicide spacer. Both
MR effect and AFM coupling disappear when a-Si layer
appears in the spacer. The dependencies of MR ratio on
ts; and N resemble that of AFM coupling. An additional
origin of the increase of MR ratio with increasing N is
the improvement of AFM coupling in multilayers with
larger N. The tg. dependence of MR ratio is similar to
that in metal/metal system with predominant bulk spin
dependent scattering and is fitted by a phenomenological
formula for GMR. At 77 K both the MR effect and sat-
uration field H, increase. All these facts suggest that the
mechanisms of the MR effect and AFM coupling in Fe/Si
multilayers are similar to those found in ferromagnet /
metallic spacer / ferromagnet system. The temperature
dependence of the MR for our samples is different from
the observation by Inomata et al. [11] in which the AFM
coupling is considered to be originated from a narrow gap
semiconducting Fe-Si spacer for their samples, in contrast
to our samples in which the AFM coupling and MR effect
are induced by metallic Fe-Si spacer.

(3) The maximum value of MR ratio, Ap/p ~ 1%,
found here is largest value of sputtered Fe/Si multilayers
reported in the literatures. Though the MR ratio is still
much smaller than that of Fe/Cr or Co/Cu multilay-
ers, but the maximum value of Ap is about 2 uQcm
which is comparable to that of Fe/Cr multilayers (Ap =

3 puQem [27]). The larger MR value seems to be related
to the longer coherence length and MFP in our sputtered
samples.

This work is supported by National Natural Science Founda-
tion of China, Chinese State Education Commission.
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