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a b s t r a c t

A systematic study of the iron–silicon interfaces formed upon preparation of (Fe/Si) multilayers has been
performed by the combination of modern and powerful techniques. Samples were prepared by mole-
cular beam epitaxy under ultrahigh vacuum onto Si wafers or single crystalline Ag(100) buffer layers
grown on GaAs(100). The morphology of these films and their interfaces was studied by a combination of
scanning transmission electron microscopy, X-ray reflectivity, angle resolved X-ray photoelectron spec-
troscopy and hard X-ray photoelectron spectroscopy. The Si-on-Fe interface thickness and roughness
were determined to be 1.4(1) nm and 0.6(1) nm, respectively. Moreover, determination of the stable
phases formed at both Fe-on-Si and Si-on-Fe interfaces was performed using conversion electron
Mössbauer spectroscopy on multilayers with well separated Si-on-Fe and Fe-on-Si interfaces. It is shown
that while a fraction of Fe remains as α-Fe, the rest has reacted with Si, forming the paramagnetic FeSi
phase and a ferromagnetic Fe rich silicide. We conclude that there is an identical paramagnetic c-Fe1�xSi
silicide sublayer in both Si-on-Fe and Fe-on-Si interfaces, whereas an asymmetry is revealed in the
composition of the ferromagnetic silicide sublayer.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

In recent years multilayer magnetic structures have found
many applications. Giant magnetoresistance was the starting point
in Fe/Cr multilayers [1,2]. The field of spintronics is based on the
artificial creation of nanostructures of ferromagnetic metal/semi-
conductor materials [3,4]. The injection of spin-polarized carriers
from the ferromagnetic into a semiconductor one may be applied
in spintronic devices with increased data processing speed, non-
volatility, lower power consumption and increased integration
densities [5–7]. The interaction between ferromagnetic layers is
one of the parameters governing the device function. Since the
first observation of antiferromagnetic coupling between Fe layers
separated by Cr [8] the control of this interaction has been a sci-
entific goal of paramount importance.

The Fe/Si multilayers present a particularly interesting study
Materiales de Aragón, CSIC-
platform since they are quite compatible with Si technology, and
offer the case of alternating metal and non-metal layers with
ferromagnetic [9] or antiferromagnetic [10] coupling between the
metallic layers. The Si layer was found to have a relevant effect
since the Fe–Fe interlayer exchange coupling (IEC) may show os-
cillatory character [11] or exponential dependence for increasing
thickness [12]. The interface between the Fe and Si layers is not
abrupt. It actually contains Fe silicides that may be ferro- or
paramagnetic at room temperature. Their magnetic properties
actually may have a strong detrimental effect in the spin carrier
transport.

The Fe/Si interfaces have been studied in the last decades in-
tensively. The composition of the interface silicides reported in-
cludes FeSi2 [13–16], FeSi [13,17,18], Fe2Si [19–21], Fe3Si [22–25] at
the Fe-on-Si interface, however in the Si-on-Fe one the presence of
the paramagnetic c-Fe1�xSi is reported [17,22,26,27] while other
authors assert that a ferromagnetic Fe-rich phase appears
[19,20,25]. Besides, the Fe-on-Si and the Si-on-Fe interfaces seem
to be different in composition since the Fe diffusion in Si is larger
[16,17,19,22,28–30].

In the present paper recent results on the magnetic properties
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of multilayers with an odd number of Fe/Si bilayers as well as the
Fe-on-Si and Si-on-Fe interfaces studied with a combination of
scanning transmission electron microscopy, X-ray reflectivity, an-
gle resolved X-ray photoelectron spectroscopy, hard X-ray photo-
electron spectroscopy and conversion electron Mössbauer spec-
trometry are reviewed with the aim to clarify the knowledge on
the morphology, composition and structure of the Fe/Si interfaces.
2. Sample preparation

From the above review of results it was evident that the pre-
paration method of the samples could affect the composition of
the interfaces. In this work two sets of samples have been fabri-
cated; Type A samples: molecular beam epitaxy (MBE) with
thermal evaporation in vacuum on a Si substrate was used in the
fabrication process. The thermal evaporation was performed at
room temperature in an Angara type set up with a chamber
pressure of 10�9 mbar. The substrates used were Si(100) and Si
(111). The quality of the samples were checked in-situ by ellipso-
metry, Auger electron spectroscopy and energy-loss spectroscopy
(EELS) [30,31]. In some samples a thin 57Fe (0.6 nm) probe layer
was deposited at determined depths tailoring the samples for
conversion electron Mössbauer spectroscopy (CEMS). Type B
samples: MBE using electron beam evaporators was applied to
evaporate Fe or Si at a chamber pressure better than 10�9 mbar on
a previously prepared single crystalline GaAs(001)/Fe/Ag(100)
substrate, which is expected to yield improved crystallinity and
reduce roughness [32]. The description of the morphology of each
sample is given below in detail for each section.

2.1. Type A samples

The Type A samples Si(substrate)/[Fe(5 nm)/Si(2 nm)]n/Fe(x)/Si
(10 nm), with n¼2–9, and x¼5 and 10 nm, were prepared for
magnetization and small-angle X-ray scattering measurements
[30]. A decrease in the total magnetization and effective exchange
coupling were explained to be caused by the formation upon de-
position of magnetic silicides with lower magnetization than α-Fe
[33]. To investigate the influence of the thickness of individual Fe
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Fig. 1. The magnetization M(T) as a function of temperature: (a) of Type A sample Si(111)
text). TS is the onset temperature of the irreversible formation of silicides, Tm is the tempe
layers Type A samples Si(hkl)/SiO2/[Fe(x)/Si(1.5 nm)]2/[Fe(x)/Si
(10 nm)], with Si(hkl)¼Si(100) and Si(111), and x¼1.2, 1.6, 2.6 and
3.8 nm, were synthesized and their magnetization measured from
5 to 400 K [34]. It was found that the magnetization and exchange
constant decrease with the thickness of the Fe layer, essentially
due to the Fe silicide interface formation; i.e. the thinner the
nominal layer, the more noticeable the size effect. When the same
samples were annealed up to 800 K a change in the measured
in situ M(T) slope at TE400 K indicated that a second process of
chemical reaction between the as-deposited Fe and Si was taking
place till destruction of any α-Fe, when deposited on Si(111), and
incomplete reaction of the available α-Fe when deposited on Si
(100) substrate (see Fig. 1 left) [35]. Moreover, the Fe/Si chemical
reaction was monitored in-situ as a function of time to relate it
with the Fe/Si interdiffusion. The growth of the FeSi interlayer
with increasing temperature above 400 K was monitored with
temperature dependent cross-sectional transmission electron mi-
croscopy (TEM) [36].

The Fe layers deposited in Type A samples are ferromagnetic,
with the easy axis contained in the Fe film plane, as could be ex-
pected for these very thin Fe films. It was unexpectedly observed
that they show in-plane anisotropy [37]. The deposition direction
forms an azimuthal angle with the normal to the substrate. In the
case of deposition on a Si(100) substrate preoxidized with a SiO2

buffer layer (Si(100)/SiO2(1.5 nm)/Fe(10 nm)), local magnetization
hysteresis measurements detect an in-plane easy magnetization
direction perpendicular to the incoming flux plane. Evidently, it is
not correlated to the substrate crystallographic plane, but instead
it is associated to an anisotropic surface roughness formed during
deposition. The sample lacking the SiO2 buffer layer (Si(100)/Fe
(10 nm)) presents two orthogonal easy axes of magnetization,
corresponding to the two equivalent directions [110]Si and [�110]
Si of the Si film. Thus, the epitaxial growth of the Fe film on the Si
crystal dominates the deposition process in absence of the buffer
layer. However, evidence of Fe silicide formation was also proven
by a reduction of the effective magnetization of the Fe film.

To determine the morphology of the Si-on-Fe interface an
ad hoc sample was synthesized, namely, Si(100)/SiOx/Fe(20 nm)/Si
(4.3 nm), where the SiOx is a naturally oxidized buffer. High Angle
Annular Dark Field (HAADF) combined with electron energy loss
/SiO2/[Fe(1.2)/Si(1.5 nm)]2)/[Fe(1.2)/Si(10 nm)]. (b) Type B samples (described in the
rature of maximumM(T), and Tf is the end temperature of complete transformation.
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spectroscopy (EELS) scanning transmission electron microscopy
(STEM), performed on a focused ion beam (FIB)-cut crossection of
the multilayer, allowed to confirm qualitatively the geometry of
the sample [38]. X-ray reflectivity (XRR) was measured using
synchrotron radiation allowing an in-depth probing of the multi-
layer. It was found that a protective SiO2 external film formed
upon exposure of the sample to air, however enough pure Si re-
mained to determine the Si-on-Fe interface. The interface thick-
ness amounts to 1.4(1) nm, with a roughness of 0.6(1) nm. These
values are in good agreement with the total interface and rough-
ness determined by small-angle X-ray scattering (SAXS) on Type A
samples; Si(100)/[Fe(5 nm)/Si(1 nm)]2)/[Fe(5 nm)/Si(10 nm)], and
Si(111)/Fe(2 nm)/Si(2 nm)/Fe(10 nm)/Si(10 nm) [33].

The average density of the interface determined from the XRR
experiment did not allow to assure the composition of the inter-
face. To study the SiO2/Si superficial layers [38,39] we employed
angle resolved X-ray photoelectron spectroscopy (ARXPS) at fixed
photon energy at the Si 2p and Fe 2p edges. The Si 2p spectral
features could be explained to be caused by Si4þ from SiO2, and
other SiOx suboxides. The Si0 2p1/2 peak can be assigned either to
pure Si or to an Fe silicide. In fact, the dependence of the Si0 2p1/2

and Si0 2p3/2 peaks intensity ratio is observed to increase beyond
the ½ ratio for a single Si species for decreasing emission angle
(increasing probing depth); i.e. the Fe silicide is reached in this
experiment. A deeper probing depth is achieved with hard X-ray
photoelectron spectroscopy (HAXPES), at fixed angle and in-
creasing photon energy of the synchrotron beam. With this tech-
nique we could reach clearly the Si-on-Fe interface and the Fe
layer below. At the Si 1s spectra the S0 1s core level peak and the
peak shifted by þ4.5 eV corresponding to the SiO2 were identified.
The Fe silicide imprint was associated to a pre-peak shifted
�3.5 eV from the Si0 1s and the �5 eV from the Fe0 1s peaks,
which could be explained as an interface effect. The results were
quite compatible with the ARXPS experiment. However, the
composition of the interlayer could not be assured with those
techniques.
Fig. 2. CEMS spectra at room temperature of: (left) Type A samples; (right) Type B sam
interpretation of the references to color in this figure legend, the reader is referred to t
To achieve this goal, CEMS experiments were performed on
samples designed for this purpose. A thin layer of 57Fe isotope was
deposited at the depths of interest, while for the rest of the Fe film
56Fe, silent to the Mössbauer effect, was used. Thus the CEMS signal
is given by the 57Fe nuclei once the Fe silicides are formed. A re-
ference sample was produced with the sequence Si(100)/SiO2

/Si(6 nm)/[56Fe(5 nm)/57Fe(0.6 nm)/56Fe(5 nm)/Si(6 nm)]3 with the
57Fe isotope in the middle of the Fe layer, which showed neatly a
sextet due to α-Fe in a magnetic field parallel to the substrate. To
study the Si-on-Fe and the Fe-on-Si interfaces two samples were
fabricated, Si(100)/SiO2/[56Fe(9.4 nm)/57Fe(0.6 nm)/Si(6 nm)]3 and
Si(100)/SiO2/Si(6 nm)[57Fe(0.6 nm)/56Fe(9.4 nm)/Si(6 nm)]3, respec-
tively, Three Fe/Si layers were deposited to optimize the CEMS sig-
nal [38]. It is important to note that each Fe layer thickness (10 nm)
is thick enough to guarantee that the Fe-on-Si and the Si-on-Fe
interfaces do not mix, as is proven by the spectrum of the sample
with the isotopic probe in the middle of the Fe layer that detects
only α-Fe. The spectra of the other two samples showed system-
atically a paramagnetic doublet and complex structure of over-
lapping sextets that were analyzed using the multiple sextets
method (see Fig. 2 left). In this method the sextet intensities are
proportional to the Fe site environment probabilities and the hy-
perfine values are determined by the number of nearest neighbors.
It was found that in both Fe-on-Si and Si-on-Fe interfaces a para-
magnetic component, identified as c-Fe1�xSi, was present in the
same amount; i.e. this component is symmetric. In contrast, up to
five different components were assigned to Fe nuclei with different
number of neighbors: The Si-on-Fe interface is compatible with the
presence of Fe1�xSix, with x in the range 0.18–0.20, while the Fe-on-
Si interface, narrower than the former, contains Fe1�xSix, with
xr0.18. Therefore, we claim that the asymmetry in the composition
is caused solely by the ferromagnetic components in the interfaces.
When Fe is deposited on Si the paramagnetic phase is formed and a
thin ferromagnetic Fe1�xSix develops, while when Si is deposited on
Fe the Fe1�xSix, with high Si content, is formed and subsequently
the paramagnetic c-Fe1�xSi appears. Our results are compatible but
ples. The position of the 57Fe isotopic probe is indicated in the insets in red. (For
he web version of this article.)
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differ in detail with the asymmetry in interface compositions found
earlier [17,,26,,39,,40].

An independent X-ray magnetic circular dichroism (XMCD)
experiment of similar samples was interpreted in terms of a con-
tinuous solution of Fe1�xSix, from Fe3Si to α-Fe and a paramagnetic
component [41]. These authors also found an asymmetry of the
compositions of both interfaces, although the actual thicknesses
deduced were somewhat smaller than the present results.

Upon annealing the diffusion of Si in Fe was also clearly ob-
served with the CEMS technique as the clean α-Fe in the middle
position was seen to evolve to a mixed silicide composition and
become fully paramagnetic at 600 K [42].

2.2. Type B samples

These multilayers were deposited on a previously fabricated
substrate of GaAs/Fe(1 nm)/Ag(150 nm) [43]. Therefore, the Fe/Si
bilayers deposited on top rested on a first Ag(100) layer that is
immiscible with Fe, a fact that has a bearing on our results. Three
samples were fabricated with different thicknesses of the Fe layers,
but nominally identical to some of Type A samples, for compar-
ison's sake GaAs/Fe(1 nm)/Ag(150 nm)[Fe(x)/Si(1.5 nm)]2/Fe(x)/Si
(10 nm)], with x¼1.2, 1.6, 2.6 and 3.8 nm. The HAADF-STEM and
high resolution HRTEM microscopy of a cross-section sample
showed the formation of the three Fe/Si bilayers with FeSi inter-
faces. Magnetization hysteresis measurements evidence the re-
duction of saturation magnetization in the as-prepared samples
caused by the formation of non-magnetic Fe silicides during the
deposition of the layers at room temperature, in good accordance
with the same effect found in Type A samples. L-MOKE images as a
function of a variable magnetic field parallel to the films allowed
observing the formation of magnetic domains with a small
anisotropy.

However, it was quite surprising to find that when annealing
above 400 K the M(T) curve showed an upturn to a maximum, for
which its temperature Tm and height depended on the Fe layer
thickness, while for increasing temperature a decay till dis-
appearance of any ferromagnetic component takes place (see Fig. 1
right). This process is irreversible in temperature. This feature is
completely different than the M(T) curves of Type A samples. The
increase in magnetization upon heating is caused by the reaction
of Fe and Si transforming the paramagnetic c-Fe1�xSi phase ex-
isting in the interfaces towards Fe silicides with a larger Fe con-
tent, probably Fe3Si. When all available Fe has reacted the process
stops and upon further heating there is a transformation to
paramagnetic phases. The difference in height and Tm of the
maximum increase with the Fe layer thickness since the Fe layers
constitute the Fe reservoir for the chemical process. It is obvious
that the difference of M(T) behavior between Type A and B sam-
ples originates in the preparation process. In Type A the first Fe
layer is deposited on Si or SiO2, therefore there is a reservoir of Si
to react into the paramagnetic c-Fe1-xSi, while in Type B it is de-
posited on Ag that does not provide that excess in Si. Therefore the
reaction drives towards rich Fe silicides.

The composition of the Fe layers as deposited was determined
by means of CEMS on three identical samples GaAs/Fe(1 nm)/Ag
(150 nm)[Fe(2.6 nm)/Si(1.5 nm)]2/Fe(2.6)/Si(10 nm)], where each
sample contained only one out of the three layers formed by 57Fe
[43] (see Fig. 2 right). The spectra with 57Fe in the top-most layer
and in the middle one are similar, but that of the 57Fe layer directly
deposited on Ag is very different. Using the same analysis tech-
nique of the spectra as described in the previous section it was
found that the latter case, Fe grows on Ag epitaxially and α-Fe is
present, while it is absent in the other two layers. In fact, in the
bottom layer there is just one Si-on-Fe interface while the other
two layers have a Si-on-Fe and a Fe-on-Si interface. The
paramagnetic phase c-Fe1�xSi, identified from the doublet feature,
is present in all three layers, but its intensity is double in the top-
most and middle 57Fe layer than in that deposited on Ag. There-
fore, we conclude that, as in the Type A samples, the paramagnetic
phase is symmetric and characteristic in all the Fe–Si interfaces,
and is assigned to defective/strained c-Fe1�xSi phase. In contrast,
the composition of the ferromagnetic silicides present in the top-
most and middle 57Fe layers is qualitatively similar since the per-
centage amount of the Fe1�xSix ferromagnetic phases, with
xE0.15, is 70% in the top-most 57Fe layer and 67% in the middle
one.
3. Conclusions

The (Fe/Si)n multilayers fabricated by MBE on either Si wafers
or Ag(100) buffer layers form interfaces, with a width of 1.4 nm
and a roughness of 0.6 nm. During the sample fabrication Fe sili-
cides are formed at the interfaces that have as an effect the re-
duction of saturation magnetization of the sample with decreasing
Fe film thickness.

The multilayers have in common symmetric (Fe-on-Si and Si-
on-Fe) paramagnetic c-Fe1�xSi phase adjacent to the Si layer (if
there remains any pure Si). However, in both interfaces there is an
inhomogeneous ferromagnetic component of general formula
Fe1�xSix with x ranging in composition from xr0.15 to a max-
imum of x¼0.2. The thermal stability of these multilayers remains
till 400 K. Above this temperature chemical reactions take place
that modify the interface compositions depending on the available
Fe and Si in the sample till a non-magnetic phase at temperature
of the order of 700–800 K.
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