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Fe/SiO discontinuous multilayers consisting of layers of Fe particles embedded in an insulating SiO
matrix have been prepared by evaporation. Their structural, magnetic, and transport properties have
been studied as a function of Fe and SiO thickness. For small iron thicknesses, magnetic
measurements show a superparamagnetic behavior above a blocking temperature determined by
field-cooled and zero-field-cooled magnetization curves. Negative magnetoresistance due to
spin-dependent tunneling has been observed in both current-in-plane and
current-perpendicular-to-the-plane geometries. For the smaller iron thickness~5 Å!, a Coulomb
blockade effect is observed at low temperature together with an increase of the magnetoresistance.
© 2004 American Institute of Physics.@DOI: 10.1063/1.1762998#

I. INTRODUCTION

Tunnel magnetoresistance~TMR! was experimentally
observed by Julliere1 in Fe/Ge/Co and Fe/Ge/Pb junctions.
The large magnetoresistance~MR! response in low magnetic
fields has stimulated considerable interest. However, fabri-
cating pinhole-free insulating barriers remains a major prob-
lem. MR was also observed in codeposited granular metal/
insulator ~cermet! films2 which consist of randomly
distributed ferromagnetic particles in an insulating matrix.
For applications, these films are easier to fabricate, are very
robust due to the protective insulating oxide and are not as
susceptible to electrical breakdown as tunnel junctions. Tran-
sition metals, mainly, Co and Fe, and their alloys have been
used to get magnetic granules. The insulating matrices were:
Al2O3 ,3–6 SiO2 ,7–8 MgF2 ,9–10 Cr2O3 ,11–12 PbOx ,13–14

TaOx
15 or MoOx .16 Very low MR ratio ~,1% at 300 K! was

found with TaOx or MoOx whereas a maximum effect close
to 10% at room temperature has been observed with systems
as Co and CoFe-Al2O3 , Co-MgF2 , and Fe-PbOx where a
magnetic Fe2O3 compound is formed between the magnetic
grains and the insulating matrix. However, the saturation
fields~at least several kOe! are much too high for application
purposes.

Discontinuous metal/insulator multilayers constitute an-
other class of granular films consisting of well-separated
planes of closely spaced ferromagnetic nanoparticles in an
insulating matrix. They present the same advantages than
cermet films, with much lower saturation fields. Moreover,
the very anisotropic morphology of discontinuous multilay-
ers offers new fundamental physical behaviors with respect
to cermets films as their transport properties depend strongly
on the measurement geometry: ‘‘CIP’’ with current in plane
of the layers or ‘‘CPP’’ when the current is perpendicular to
the layers. The CIP properties are usually close to those of
the cermet17 whereas specific voltage and temperature de-
pendences of resistance and MR~with eventually an en-

hancement! have been observed in the CPP geometry due to
the Coulomb blockade effect.4,18–22The tunneling of an elec-
tron into a neutral cluster is stopped when thermal energy
and applied voltage are much smaller than the charging en-
ergy of a cluster. Because of their large response observed in
granular alloys, Co/Al2O3 ,19,23,24 CoFe/Al2O3 ,17,25,26

Co/SiO2
21,27 have been extensively studied and new systems

as CoFe/HfO2 ,20 Co/ZrO2,28 or Fe/ZrO2,29 have been inves-
tigated. The discontinuous multilayers were always depos-
ited by sputtering with eventually an annealing process.
Their thicknesses were typically about 10–20 Å for the metal
and 30–40 Å for the oxide.

We have recently performed a study of the structural and
transport properties in coevaporated FexSiO12x granular
films30 as a function of the Fe volume fractionx. It has been
shown that a superparamagnetic behavior is obtained for
0.13<x<0.27 together with a MR tunnel effect for 0.2<x
<0.27. The amplitude of the MR effect is rather low, of the
order of 2% at 100 K. An annealing at a moderate tempera-
ture ~300 °C! does not modify significantly this effect, it de-
creases drastically for a higher annealing temperature.31

These results have been interpreted by the presence of an
FeSi alloy at the interface between granules and the matrix
which damages the polarization of electrons. In the present
study, in order to limit the chemical mixing at the interface,
discontinuous Fe/SiO multilayers are investigated. Their
structural characterization have been performed using x-ray
reflectivity and transmission electron microscopy. Magnetic
characterization has been done as a function of temperature
and of applied field. Their magnetotransport properties have
been checked in the CIP and CPP geometries.

II. EXPERIMENTAL DETAILS

Fe/SiO multilayers were deposited by evaporation of Fe
and SiO from an electron beam and a thermal cell, respec-
tively. The base pressure of the chamber was 1028 Torr. The
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thickness of the layers have been measured using quartz os-
cillating sensors. A specific calibration using x-ray reflectiv-
ity has been made with a single thick SiO layer. The density
of the deposited SiO layer is much lower than the density of
the bulk material by roughly a factor 1.5. The deposition rate
was 0.2 Å/s for Fe and 1 Å/s for SiO. The substrates were
maintained at 100 °C. The iron layer thicknesstFe evaluated
from the mass measured by the quartz oscillator and the bulk
density has been varied from 5 to 15 Å. The SiO layer thick-
nesstSiO evaluated from the specific calibration was varied
from 70 to 110 Å. The number of bilayers was between 15
and 25.

For magnetic and electrical measurements, the films
were deposited onto silicon and float glass substrates, respec-
tively. The magnetic properties were determined with a semi-
conducting quantum interference device magnetometer.
Field-cooled~FC! and zero-field-cooled~ZFC! magnetiza-
tion measurements have been performed as a function of
increasing temperature for an applied field of 20 Oe.

The multilayers for transport measurements were depos-
ited with shadow masks designed for measurements with the
current perpendicular to the plane or in the plane of the film.
In the CPP geometry, the junction area is~0.2 mm!2. For the
CIP measurement, the current flows along a 530.1 mm2

stripe. Magnetoresistance was measured in a superconduct-
ing coil equipped cryostat with a maximum field of 70 kOe.
The magnetoresistance is defined by MR(H)5@R(H50)
2R(H)#/R(H50).

III. EXPERIMENTAL RESULTS

A. Structural Characterization

The structure of the multilayers was studied by TEM.
Diffraction patterns show two large and diffuse rings when
the thicknesstFe of the Fe layers was less or equal to
10 Å. The layers contained well-crystallized iron fortFe

515 Å. However, the composition modulation was always
well observed even for very small iron thickness,
as shown by the x-ray reflectivity spectrum~Fig. 1! of a

@Fe(5 Å!/SiO(70 Å)#20 multilayer where two superlattice
Bragg peaks are observed. It corresponds to a periodicity of
68 Å close to the sum of the expected thicknesses. In-plane
TEM micrograph for a @SiO~90 Å!/Fe~8 Å!/SiO~90 Å!#
trilayer is shown in Fig. 2. The iron clusters forms chains
which seem to be composed of several touching circular par-
ticles. This picture is similar to that obtained by Maurice and
collaborators23 for a Al2O3 /Co/Al2O3 sample with a 15 Å
Co thickness whereas they observed isolated iron grains for 7
Å Co thickness. We note that even for a 5 Å thick Fe layer,
isolated grains are not observed, there are already clusters of
several particles. This means that Fe spreads on the SiO sur-
face unlike Co on Al2O3 which forms grains.

B. Magnetic properties

For tFe55 Å and 70 Å<tSiO<110 Å, the FC and ZFC
curves are characteristic of granular systems@Fig. 3~a!#.
They exhibit a 1/T type slope at high temperatures and a
narrow peak of the ZFC curve for the so-called blocking
temperatureTB which is equal to 15 K. FortFe58 Å and
tSiO590 Å, the bifurcation temperature~temperature above
which the curves FC and ZFC superimpose! is now 60 K.
Moreover, the low-temperature spontaneous magnetization
of the ZFC curve is important. This proves the existence of a
ferromagnetic coupling between the clusters. The increase of
magnetization with decreasing temperature aboveTB is in-
deed steeper than a 1/T slope for both multilayers@Figs. 3~a!
and 3~b!#. As a consequence, the temperature dependence of
the low field magnetization cannot be only attributed to su-
perparamagnetism but also includes a temperature depen-
dence of the moment per particle. This could be due to a
disordered alloy with a much lower Curie temperature than
bcc iron. For tFe510 Å and tSiO590 Å, the ZFC and FC
curves do not show a 1/T behavior@Fig. 3~c!#. They are
similar to those of a ferromagnetic material with a Curie
temperature comprised between 400 and 500 K. This is the
signature of the onset of magnetic percolation which appears
for very thin layers~10 Å! in comparison with other systems.
For instance, with the Co/SiO2 system, Dienyet al.21 still
observe a blocking temperature of 220 K for a 15 Å/Co thick

FIG. 1. Low angle x-ray reflectivity vs the scattering vectorq of a
@SiO(70 Å!/Fe(5 Å)#20 multilayer.

FIG. 2. Transmission electron microscopy micrograph of a SiO~90 Å!/Fe~8
Å!/SiO~90 Å! trilayer.
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layer. This behavior of the Fe/SiO layers has to be directly
related to the good wetting of Fe on SiO which was observed
by TEM.

Figure 4 shows the evolution of the magnetization versus
field for the @Fe(5 Å!/SiO(70 Å)#15 multilayer at different
temperatures. To get an order of magnitude of the size of the
granules, the magnetization has been fitted by a sum of two
Langevin functions at 60 K, above the blocking temperature.
The use of two functions just allows to take into account the
size distribution, but does not mean that there is two distinct

sizes of particles, only the mean size has a physical meaning.
A mean moment per particle of 1400mB is obtained fortFe

55 Å. The same treatment performed at 300 K fortFe

58 Å provides a moment per particle of 9000mB . As it will
be shown below, the in plane metallic percolation arises
slightly abovetFe510 Å. As a matter of fact, it seems rea-
sonable to assume that the granules are ellipsoides with a
height of the order of 15 Å. With a moment per Fe atom of
2.2mB , the lateral size of the Fe grains is then 32 and 90 Å
for tFe55 and 8 Å, respectively. If we pursue the comparison
between SiO/Fe 8 Å/SiO and Al2O3 /Co 15 Å/Al2O3 , for
which the in-plane shape of the granules are similar, we re-
mark that our estimated size coincides with the lateral size
observed for the 15 Å thick Co layer. Nevertheless, in the
latter case, the percolation threshold is slightly above 20 Å
and the height of the granules is evaluated to 28 Å from high
resolution TEM.23

We note that the magnetization at 5 K is higher than that
measured with coevaporated alloys exhibiting the same
blocking temperature.30 The magnetic state of the grains has
then been improved by the alternate deposition of Fe and
SiO. Nevertheless, the magnetization is slightly reduced with
respect to the magnetization of bulk bcc iron. Moreover, the
saturation magnetization clearly decreases with increasing
temperature. As was already mentionned, some iron, prob-
ably located at the particle surface, remains disordered or
poorly magnetized. Previous experiments performed with
small angle neutron scattering have shown that Fe has no
reduction of interface magnetization in Fe-SiO multilayers
grown on a substrate cooled at liquid nitrogen temperature.32

As a consequence, the damage of the interface in our experi-
ment should be attributed to the higher substrate temperature
~100 °C!.

C. Transport properties

The resistivityr of multilayers with different Fe or SiO
thicknesses was measured between 77 and 300 K. FortFe

less than 10 Å, the samples present a semiconductor behav-
ior with an increase of the resistivity when the temperature
decreases. FortFe510 Å, the CIP resistivity is almost con-
stant between 300 and 77 K, this thickness is then close to
the metallic percolation.

The evolution of the resistivities measured at 300 K in
the CIP and CPP geometries are presented in Figs. 5 and 6 as

FIG. 3. Low field (H520 Oe) magnetization measured as a function of
temperature after field cooling~FC! or zero-field cooling ~ZFC! for
@Fe(tFeÅ!/SiO(90 Å)#15 multilayers with ~a! tFe55 Å, ~b! tFe58 Å, ~c!
tFe510 Å.

FIG. 4. Magnetization vs applied field for the@Fe(5 Å!/SiO(70 Å)#25

multilayer at different temperatures. The straight line corresponds to a fit by
a sum of two Langevin functions atT560 K.

FIG. 5. CIP and CPP resistivity measured at 300 K of@Fe(5 Å!/SiO(tSiO)#15

multilayers as a function oftSiO .
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a function of the SiO and Fe thickness, respectively. A steep
increase of the CPP resistivity is observed as the SiO thick-
ness is increased whereas the CIP resistivity is almost con-
stant~Fig. 5!. In the CPP geometry, the increase oftSiO in-
duces an increase of the barrier between grains, whereas in
the CIP geometry, the current flows through the Fe layers
without crossing the insulator layers. Both CIP and CPP re-
sistivities strongly decreases with increasing Fe thickness
~Fig. 6!. The increase of the grain size withtFe induces an
increase of the tunneling probability in both geometry. More-
over, in the CIP geometry, the decrease of the resistivity can
also be attributed to the spreading of Fe in the plane which
reduces the distance between the grains.

We remark that the CIP resistivity is always much lower
than the CPP one. This is readily due to the strong anisotropy
of the multilayers. Due to the specific growth of Fe on SiO,
the distance between Fe grains in the plane is much lower
than the distance between Fe planes. The CIP and CPP resis-
tivities can then be tuned independently over orders of mag-
nitude by varying the nominal thicknesses of the metallic and
insulating layers.

Figure 7 shows the temperature dependence of the CIP
and CPP resistivities of a@Fe(5 Å!/SiO(70 Å)#15 multilayer.
The behavior of the CIP resistance plotted in the inset is
similar to that of a cermet: lnrCIP is linear as a function of

T21/2 in agreement with the usual law for thermally activated
tunneling:r5r0 exp(2AcCIP/kT) with a constantr0 and c
the activation energy. The fit providescCIP50.076 eV; this
value is close to the result obtained for the Fe0.27(SiO)0.73

alloy (c50.05 eV).30 On the contrary, as shown in the inset
of Fig. 7, the CPP resistivity does not follow this law. Ac-
cording to the treatment proposed by Fettaret al.,22 the tem-
perature dependence ofrCPP has been fitted by

1

rCPP
5

1

r1
expF22S cCPP

kT D 0.5G1
1

r2
.

This expression assumes that there is an additional conduc-
tion path to the tunneling with a constant conductivity as
already proposed.33 It can be attributed to magnetic
impurities.22 From the fit plotted in Fig. 7, we deducecCPP

50.112 eV. This activation energy is function of the grain
charging energyEc , the separation between the grainss, the
effective barrier f, and the electron massm: cCPP

5A(mf/2p2h2)sEc . The x-ray reflectivity allows to evalu-
ate the order of magnitude ofs560 Å, the energy gap in SiO
has been measured by optical experiments:34 f52.5 eV, we
then foundEc590 meV or a grain capacity ofC5e2/2Ec

59.10219F. Within the assumption of spherical particles,
the diameter of the particles is given byd5C/2pe0e r . With
the relative permittivity of SiOe r54, we obtaind540 Å.
This very crude model does not take into account the true
shape of the particles, it provides nevertheless a right order
of magnitude compared to the lateral size~32 Å! evaluated
from magnetization measurement.

Figure 8 shows the CPPI (V) curves of the same
multilayer at different temperatures. At room temperature,
the I (V) curve is linear. When the temperature is decreased,
a deviation from linearity appears clearly below 200 K in the
range62 V. When 1 V is applied to the sample with 15 SiO
layers, only 70 mV is indeed applied on a junction. This
voltage corresponds only to 2% of the energy gap of SiO,
estimated to be about 2.5 eV.34 As a matter of fact, the cur-
vature ofI (V) is not due to the tunnel effect. Moreover, in
that case, theI (V) curve should be independent of tempera-
ture. Such behavior ofI (V) curves has already been ob-
served in discontinuous multilayers and has been attributed
to the Coulomb blockade effect.4,18–22The value of the Cou-
lomb gap is given by the departure from zero of theI (V)

FIG. 6. CIP and CPP resistivity measured at 300 K of@Fe(tFe!/SiO(90 Å)#15

multilayers as a function oftFe.

FIG. 7. Inverse of the CPP resistivity 1/rCPP of a @Fe(5 Å!/SiO(70 Å)#15

multilayer as a function of temperature. The straight line corresponds to a fit
by the expression: 1/rCPP51/r1 exp@22(cCPP/kT)0.5#11/r2 . In the inset,
the CIP and CPP resistivities,rCIP and rCPP, are plotted as a function of
T21/2.

FIG. 8. I (V) characteristics of a@Fe(5 Å/SiO(70 Å)#15 multilayer measured
at different temperatures between 5 and 300 K in the CPP geometry.
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curve. It is difficult to locate it in Fig. 8: this departure of
I (V) is not clear because of the particle size and shape dis-
tribution observed in TEM. If we consider that the gap be-
gins at 0.8 V, it corresponds to a charge energy per particle of
800/15550 meV. This value should correspond to the larger
particles of the distribution. It seems reasonable compared to
the mean value 90 meV deduced from the temperature de-
pendence of the resistivity.

For the@Fe 8 Å/90 Å#15 multilayer, the CPPI (V) curves
measured between61 V are linear until 20 K, a deviation
from linearity is only observed at 10 K and it appears clearly
at 5 K. This behavior is due to the increase of the size of the
particles with the Fe thickness, the charge energy is much
then smaller, the Coulomb blockade cannot be observed in
the same temperature range as for the previous sample.

D. Magnetoresistance

The magnetoresistance MR5@r(H)2r(0)#/r(0) was
measured between 100 and 300 K for the
@Fe(8 Å!/SiO(90 Å)#15 multilayer. The MR values are repre-
sented in Fig. 9 for both CIP and CPP geometries with an
applied voltage of 0.5 V. As in cermet films and tunnel junc-
tions, the resistance is maximum when the degree of mis-
alignment among the magnetizations of the particles is maxi-
mum. It decreases as the field is increased up to saturation.
At low fields, there is a sharp response and, at high fields, the
MR values are equal to 1.5% in both CIP and CPP geom-
etries in the range 100–300 K. The MRCIP and MRCPPvalues
observed with the@Fe(5 Å!/SiO(70 Å)#15 multilayer are in
the same order of magnitude: they are equal to 2.5 and 1.5%,
respectively, at 100 K and they decrease to 0.9 and 0.3% at
300 K. For comparison the MR response of an alloy with a
close atomic composition Fe0.4(SiO)0.6 has been plotted in
Fig. 9. As was already observed with the CoFe/HfO2 ~Ref.
20! and Co/SiO2 ~Ref. 21! systems, the MR response at low
field is better with the discontinuous multilayer. Neverthe-
less, the MR effect is low with both types of morphology. Its
order of magnitude thus seems to be quite independent of the
granules size and shape. It appears to be an intrinsic limit of
the system. A systematic study devoted to coevaporated al-

loys performed with several techniques~magnetization, in-
frared spectroscopy, electron diffraction! has shown the pres-
ence of amorphous magnetic FeSi granules.31 From the
magnetization measurements presented above, the coexist-
ence of an FeSi alloy with bcc iron in the multilayers cannot
be ruled out.

The magnetoresistance measured forH570 kOe as a
function of applied voltage V in the CPP geometry is plotted
in Fig. 10 for the@Fe(5 Å!/SiO(70 Å)#15 multilayer. At 100
K, it increases weakly with decreasing voltage. At 5 K, the
measurements are superimposed to the 100 K curve for
0.5 V,V,1 V, below 0.5 V, a steep increase of the MR
effect is observed which reaches 3.7% at 0.1 V. In the CIP
geometry, the magnetoresistance exhibits a weak decrease
with increasing voltage in the range 0,V,2 V, similarly to
the variation observed at 100 K in the CPP geometry. For the
@Fe(8 Å/SiO(90 Å)#15 multilayer, the MR is flat as a func-
tion of the voltage for both geometries. As a matter of fact,
we observe an enhancement of the MR in the voltage and
temperature ranges of the Coulomb blockade regime. Such a
behavior has already been observed in granular
materials.3,4,22,35 It has been attributed to a cotunneling ef-
fect: in the Coulomb blockade regime, when direct tunneling
is ruled out, the transport of carrier from a charged large
granule to a large neutral one is only possible via successive
tunneling of single electron between small granules. As co-
tunneling is more sensitive to magnetic disorder than direct
tunneling, the magnetoresistance is enhanced in the Coulomb
blockade regime.36,37

IV. CONCLUSION

In conclusion, magnetoresistance at room temperature
was observed in discontinuous Fe/SiO multilayers prepared
by evaporation onto substrates maintained at 100 °C. Anneal-
ing was not necessary to obtain this phenomenon. Multilay-
ers with iron thicknesses equal to 5 and 8 Å present a super-
paramagnetic behavior at room temperature. The occurrence
of metallic percolation is close to 10 Å. The spin-dependent
tunneling magnetoresistance is of the order of 1%–2% at 100
K and for 70 kOe, whatever the current direction~parallel or
perpendicular to the layer! and the Fe thickness~5 or 8 Å!.
This effect is close to the result obtained with the coevapo-
rated alloys. Its low amplitude appears as an intrinsic limit of

FIG. 9. CIP and CPP magnetoresistances as a function of applied field at
100 K for a @Fe(8 Å!/SiO(90 Å)#15 multilayer and CIP magnetoresistance
of a Fe0.4SiO0.6 alloy ~at. %!.

FIG. 10. CPP magnetoresistance measured as a function of applied voltage
at 5 and 100 K for a@Fe(5 Å!/SiO(70 Å)#15 multilayer.
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the system attributed to the presence of disordered FeSi al-
loy. Nevertheless, fortFe55 Å, a Coulomb blockade effect is
observed at low temperature with an enhancement of the
MR.
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