
PHYSICAL REVIEW MATERIALS 5, 124419 (2021)

Fabrication of chemically and structurally abrupt Eu1−xLaxO/SrO/Si interfaces and their
analysis by STEM-EELS
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Precise control of molecular-beam epitaxy deposition conditions has enabled the fabrication of chemically and
structurally abrupt Eu1−xLaxO/SrO/Si interfaces by interposing as little as half a monolayer of SrO between the
La-doped EuO and silicon. The interfaces were analyzed by scanning transmission electron microscopy-electron
energy loss spectroscopy; no reaction products were detected. These abrupt interfaces might enable direct ohmic
injection of spin-polarized currents from the doped half-metallic semiconductor EuO into silicon.
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I. INTRODUCTION

Some of the most important goals of spintronics, such
as the fabrication of spin transistors and their implementa-
tion into mainstream semiconductor technology, rely on the
successful injection of spin-polarized currents into the host
semiconductor. Unfortunately, injection from metallic ferro-
magnetic electrodes such as cobalt and NiFe alloys is hindered
by the incomplete spin polarization of these materials and
a fundamental obstacle known as the conductivity mismatch
problem [1]. This problem, caused by the differing conductiv-
ities of the injector and host materials, dramatically reduces
the spin injection efficiency. To achieve spin injection this
effect has to be circumvented, which is typically done by
using highly resistive tunnel or Schottky barriers between a
ferromagnet and the host semiconductor [2–34].

Spin injection from highly spinpolarized materials that
exhibit effective electrical resistances close to the effective
resistance of the host semiconductor provides an alternative
approach for studying spin injection effects and may ulti-
mately lead to higher spin injection efficiencies. This strategy
is known as direct ohmic spin injection [5]. Unfortunately,
semiconducting materials with high spin polarizations and
tunable effective resistances that can be deposited directly on
semiconductors are extremely rare. Therefore, experimental
ohmic spin injection research is still in its infancy.

The �90% spin polarization of charge carriers in La-doped
EuO [6] and 96% spin polarization in Lu-doped EuO [7]
demonstrated by Andreev reflection measurements, combined
with the ability to grow EuO epitaxially on silicon [6], GaN
[6], and GaAs [8], make doped EuO an excellent candi-
date material for ohmic injection of spin-polarized currents
directly into these mainstream semiconductors. The mech-
anism leading to the half metallicity of EuO is the 0.6-eV
exchange splitting of the conduction band [9] below the Curie

temperature, TC. For ohmic spin injection it is important that
EuO is not only a half-metallic ferromagnet, but also that it is
semiconducting. By doping EuO with trivalent rare earth ions
such as gadolinium, lanthanum, and lutetium, the conductivity
of EuO can be tuned by orders of magnitude to precisely
match the conductivity of the host semiconductor [6,10–14].
Importantly, doping EuO has been shown to have a negligible
effect on its high spin polarization [6,7].

Stoichiometric EuO has a Curie temperature TC of 69 K
[15], well below the TC needed for commercial devices. Nev-
ertheless, the unique combination of properties renders EuO
an outstanding material for proof-of-concept spintronic de-
vices and fundamental spintronic studies, which are needed
for a better understanding of the experimental difficulties and
the potential of ohmic spin injection. Furthermore, by doping
with oxygen vacancies or rare earth ions, the TC of EuO can be
increased up to about 130 K [10–14,16–20] and compressive
strain is expected to further enhance TC [21,22].

Deposition of single-crystalline EuO thin films on sili-
con substrates by molecular-beam epitaxy (MBE) has been
demonstrated with and without using SrO buffer layers, but no
spin signals have been reported yet [6,23–31]. Unfortunately,
even thin interfacial impurity layers are expected to interfere
with efficient spin injection [32]. This is because the formation
of europium silicides and compounds with higher europium
oxidation states are expected to change the magnetic proper-
ties of the interface. This could dramatically reduce the spin
injection efficiency, e.g., by spin-flip scattering. In addition,
unwanted phases could alter the electrical resistance of the in-
terface and therefore interfere with conductance matching be-
tween film and substrate. Atomically clean interfaces without
unwanted phases are therefore expected to be a fundamental
requirement for achieving high spin injection efficiencies.

Extensive work has been done on the optimization of
EuO/Si deposition procedures with the goal of reducing the
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amount of reaction products at the interface and the opti-
mization of the structural perfection of the EuO films. In
one approach, Caspers et al. used an in situ hydrogen pas-
sivation of (001) Si followed by oxygen-protective europium
monolayers to deposit EuO directly on silicon [24,28]. Sample
characterization by hard x-ray photoemission spectroscopy
(HAXPES) resulted in a mean europium silicide thickness of
∼0.14 nm and an EuO/Si interface oxidation minimum value
of ∼0.697 nm [28]. The abruptness of the resulting interface
was characterized by high-resolution transmission electron
microscopy (HR-TEM) [28].

In another approach, Averyanov et al. deposited EuO di-
rectly on (001) Si without using any buffer layers [26,27].
They used in situ reflection high-energy electron diffraction
(RHEED), Rutherford backscattering spectrometry (RBS),
and, after deposition of capping layers, ex situ x-ray diffrac-
tion (XRD) and superconducting quantum interference device
(SQUID) measurements to develop a deposition procedure
that yielded EuO films with no signs of unwanted phases or
off stoichiometry according to these measurements.

In a subsequent study, Averyanov et al. used a modified de-
position procedure to deposit EuO films on (111) Si [30]. The
resulting (111) EuO films showed a ∼5 EuO monolayer (ML)
or ∼1.3-nm-thick disordered interface layer in high-angle an-
nular dark-field scanning transmission electron microscopy
(HAADF-STEM) images. X-ray diffraction (XRD) scans and
SQUID measurements showed no signs of unwanted phases.

Most recently, Averyanov et al. investigated the atomic
interface structure of EuO/Si films deposited at a substrate
temperature TSub of just 100 ◦C using HAADF-STEM [31].
These experiments featured europium metal coverages of the
pristine Si surface corresponding to 1/2, 3/5, and 2/3 ML
before starting EuO deposition, that all led to different surface
reconstructions initially. After deposition of 6 nm of EuO, the
interfaces of all samples looked the same in HAADF-STEM
measurements and also showed very similar structural prop-
erties according to XRD and the same saturation magnetic
moments and Curie temperatures. The authors pointed out
that the samples may still exhibit different atomic microstruc-
tures when the presence and position of oxygen atoms in the
interface are also taken into account (oxygen atoms are not
visible in the HAADF-STEM images). This could in principle
be inferred from the distance between the first oxide and the
topmost silicon layers. This distance was, however, inconclu-
sive for the EuO/Si(001) interfaces, i.e., it is very difficult
to determine the valence states of the atoms at the EuO/Si
interface from atomic positions measured by HAADF-STEM.

Mundy et al. characterized EuO films grown on (001) Si
by STEM-EELS that measures the europium valence states at
the same time that it provides structural characterization of
the interface with atomic resolution [25]. EuO films grown
directly on silicon were observed to have disordered layers at
the interfaces. But more importantly, these measurements also
revealed the presence of a europium silicide reaction prod-
uct in a ∼2-nm-thick layer, including EuSi2 and europium
ions exhibiting 3+ valence. In these samples small additional
peaks could even be seen in θ -2θ XRD measurements. Addi-
tional EuO/SrO/Si samples containing two monolayers (MLs)
or 5 MLs of SrO at the interface have also been investigated
[6,25]. These SrO buffer layers allowed the deposition of

EuO films with no detectable additional peaks in the θ -2θ–
measurements. Nonetheless, STEM-EELS measurements of
these samples revealed the presence of disordered regions and
impurity phases at the interfaces even in the samples with
thicker SrO buffer layers [25].

The aforementioned results demonstrate the difficulty of
avoiding reaction products at the EuO/Si interface and show
that characterization solely by methods like RHEED, XRD,
and SQUID magnetometry can be insufficient to exclude the
presence of impurity phases at the interface. The thicknesses
of the reaction layer can be too small for XRD to detect and
additional phases may also not be detectable by RHEED, as
they could be amorphous, highly disordered, grow epitaxially
and have similar lattice spacing and symmetry as the desired
phase, or evolve with time and deposition and no longer be
visible by RHEED as the interface to silicon becomes buried
with additional growth of EuO.

HAADF-STEM is a powerful tool to investigate the atomic
structure at the EuO/Si interface; however, it is very dif-
ficult to extract information on the valence states of the
atoms at the interface from HAADF-STEM images. In con-
trast, STEM-EELS is able to detect valence changes and
even very small amounts of additional phases and there-
fore is ideally suited to investigate EuO/Si and EuO/SrO/Si
interfaces.

In this work we investigate the growth of undoped and
doped EuO on silicon by MBE to identify routes to avoid
the formation of impurity phases at the interface. As we ex-
pect conductance matching by doping with oxygen vacancies
to be very difficult to control and because oxygen-deficient
growth conditions favor the formation of europium silicides
at the EuO/Si interface [25], we focus on the investigation
of rare-earth-doped EuO. As a dopant we use lanthanum, as
the dependence of the properties such as Curie temperature
and resistivity of EuO on lanthanum doping are known quite
well [14]. By employing relatively low growth temperatures
and precise control of the deposition conditions we achieve
EuO/SrO/Si and Eu1−xLaxO/SrO/Si structures with clean in-
terfaces as demonstrated by STEM-EELS measurements. For
our deposition conditions, a minimum of 1

2 ML of SrO is
required to avoid unwanted reactions between the doped or
undoped EuO and silicon.

II. METHODS

Typically, EuO thin films are grown in an adsorption-
controlled regime that exploits the relatively high vapor
pressure of europium metal as compared to EuO. At suffi-
ciently high substrate temperatures, TSub >∼ 375 ◦C, the growth
rate of EuO under europium-rich conditions is determined
by P(O2); excess europium metal atoms re-evaporate from
the surface of the stoichiometric EuO crystal during growth
[33,34]. At these temperatures, the growth of high-quality un-
doped and rare-earth-doped EuO films has been demonstrated
[6,11,13,14,20,22–30]. Unfortunately, higher deposition tem-
peratures also lead to enhanced interdiffusion, which is a
typical reason for the formation of unwanted phases and mag-
netic impurities at interfaces that can hinder spin injection
from half metals into semiconductors [25]. Therefore, we
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investigated the possibility of growing high-quality films at
lower temperatures.

By optimizing deposition conditions we found a growth
window for EuO thin films on YAlO3 for temperatures down
to 200 ◦C in which no RHEED extra spots appeared after
deposition of ∼35 nm EuO and XRD showed no signs of other
phases (see the Supplemental Material [35]) for further details
on the optimization of the deposition method). After deposi-
tion of the EuO, the samples were cooled to TSub < 100 ◦C in
vacuum and protected from further oxidation by deposition of
a 50–100-nm-thick polycrystalline aluminum or amorphous
silicon capping layer. In SQUID measurements, undoped EuO
films that were deposited within the growth window exhibited
TC values of 69 ± 1 K, consistent with stoichiometric EuO
[15]. Transport measurements of bridges pattered into silicon-
capped samples grown on YAlO3 showed high resistances,
> 5 G � at 5 K, ruling out the presence of a significant con-
centration of oxygen vacancies (see Ref. [6] for a description
of the patterning and in situ contacting procedure). Therefore,
we conclude that samples grown within this growth window
are very close to stoichiometric.

Using the optimized deposition conditions described, we
grew epitaxial EuO films on (001)-oriented silicon substrates
with and without SrO buffer layers. For the deposition of
SrO buffer layers we followed a recipe similar to the one
described in Ref. [25]. In brief, the process consists of ther-
mal desorption of the native oxide of the silicon wafer at
TSub ∼ 950 ◦C for 5 min, followed by cooling the wafer in
vacuum to TSub ∼ 700 ◦C and depositing 1 ML or 1

2 ML of
strontium metal [where 1 ML is the concentration of atoms on
the (001) surface of silicon, 6.78 × 1014 atoms

cm2 ]. The amount
of strontium metal required for the specific coverage was cali-
brated using in situ quartz crystal microbalance measurements
that typically were accurate within a few percent. After further
cooling to TSub ∼ 200 ◦C we stabilized P(O2) at the value
used for growth (∼2.5 × 10−8 Torr) and initiated the EuO
deposition at the designated growth temperature. For fine-
tuning of the oxygen pressure we developed a RHEED-based
method that exploited the occurrence of various characteristic
diffraction patterns as a function of the radial position of the
RHEED beam on the silicon wafer (see the Supplemental
Material for more information [35]).

III. RESULTS

For ohmic spin injection, conductance-matched EuO/Si
interfaces free of reaction phases and intervening buffer lay-
ers are expected to be ideal. But even with the optimized
deposition conditions we were not able to grow high-quality
EuO directly on silicon. When introducing oxygen into the
chamber (∼2.5 × 10−8 Torr) prior to the EuO deposition, the
deoxidized silicon wafer surface quickly oxidized again lead-
ing to the loss of epitaxy at all tested temperatures between
TSub ∼ 70 ◦C and TSub ∼ 400 ◦C as detected by RHEED.
Opening the europium shutter during the ramp-up of P(O2)
improved epitaxy, but only if this were done at an early stage,
where P(O2) had not yet reached the value found necessary
for high-quality growth on YAlO3. For such early opening
of the europium shutter, we expect oxygen-poor growth con-
ditions that allow epitaxy of EuO on silicon, but only at

the cost of the formation of a europium silicide layer at the
interface [25].

Combining our RHEED and XRD results with the results
in the literature (RHEED, XRD, HAADF-STEM, HAXPES)
reporting the growth of EuO directly on silicon [6,23–31], we
conclude that successful epitaxial growth of EuO direct ly on
silicon typically is mediated by the formation of a europium
silicide layer of varying thickness. This assumption is also
consistent with previous STEM-EELS findings [25]. At P(O2)
pressures high enough to avoid formation of these compounds
on the bare silicon surface, the silicon surface quickly oxidizes
and the perfection of the epitaxial growth suffers greatly or
is not achieved, leading to partially polycrystalline or amor-
phous films according to RHEED. At lower pressures, or with
a certain europium metal coverage of the pristine silicon sur-
face, a europium silicide layer forms at the EuO/Si interface,
which provides a suitable structural template for subsequent
epitaxial growth of EuO. The presence of a thick europium
silicide layer would certainly be expected to act as a barrier
for the injection of spin-polarized currents. Up to now it is
not clear whether the presence of a submonolayer thickness
of these silicides leads to the same effect or not.

When we used 1 ML of SrO as a buffer layer, the sili-
con was sufficiently passivated against oxidation at P(O2) ∼
2.5 × 10−8 Torr and TSub � 280 ◦C that EuO could be grown
epitaxially on silicon at about the same deposition condi-
tions as on YAlO3. This is corroborated by STEM-EELS
measurements of a EuO-film deposited on a 1-ML-thick SrO
buffer layer at TSub = 200 ◦C using the optimized deposi-
tion conditions (see the Supplemental Material [35]). In these
measurements we find no indications of europium silicides,
europium valence changes, or interdiffusion. At TSub >∼ 280 ◦C,
extra diffraction spots appeared in RHEED as soon as the
EuO-deposition started, which could be a sign of the break-
down of the buffer layer and the formation of europium
silicides.

Our findings show that a single ML of SrO can be suf-
ficient to suppress interdiffusion and unwanted reactions at
the interface if the deposition temperature is chosen to be low
enough and P(O2) adjusted within a narrow growth window.
Because of the insulating nature of SrO (band gap of ∼5.3 eV
at 80 K [36]), the introduction of 1 ML of SrO is, however,
expected to lead to a tunnel contact between EuO and silicon,
also blocking ohmic spin injection.

For reducing the influence of the buffer layer on the electri-
cal properties of the EuO/SrO/Si interface we therefore tried
to minimize the amount of SrO. To investigate the possibility
of conductance matching the EuO to the substrate we also
started doping the EuO with lanthanum. These experiments
showed that lanthanum doping up to 1% does not considerably
change the growth behavior of Eu1−xLaxO on silicon. Further-
more, we found that a minimum of 1

2 ML of SrO was required
to ensure good epitaxy of Eu1−xLaxO on silicon. We per-
formed no STEM-EELS measurements on samples with cov-
erages between zero and 1

2 ML, because in situ RHEED imag-
ing indicated a bad interface with the formation of unwanted
phases, similar to the case when no SrO buffer was used.

The maximum deposition temperature for Eu1−xLaxO on
SrO buffer layers of 1

2 ML thickness is also around TSub =
280 ◦C. At higher temperatures extra spots appear in RHEED
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FIG. 1. STEM-EELS measurements of a 0.1% La-doped EuO film with a 1
2 ML SrO buffer on silicon. Low-magnification and high-

magnification HAADF-STEM images of the interface are shown in (a) and (b), respectively. The interface is abrupt and free of impurity layers.
(c) An EELS concentration profile across the interface shows a region near the interface with a slightly different valence. (d) The EELS spectra
from the Eu-M4,5 edge showing the two distinct spectra—one from the EuO film and the other from the interfacial region.

directly after starting the Eu1−xLaxO-deposition, indicating
the formation of impurity phases.

We use scanning transmission electron microscopy
(STEM) in conjunction with electron energy loss spec-
troscopy (EELS) to investigate the structure and bonding at
the EuO/Si interface. Samples were prepared as in Ref. [25]
to minimize exposure to air during the preparation process.
The Sr was not detectable in the STEM-EELS measurements
(see the Supplemental Material for further details).

STEM-EELS analysis of a 0.1% La-doped EuO film with
a 1

2 ML SrO buffer grown at TSub = 250 ◦C is shown in Fig. 1.
As shown in Fig. 1(a), and in higher resolution in Fig. 1(b),
the interface is free of impurity layers and does not show any
detectable signs of interdiffusion. Interestingly, the amount of
disorder we observe at the interface is much less pronounced
than for the case of the sample grown at TSub = 200 ◦C. We
collected EELS spectra from the Eu-M4,5 edge across the
interface to look for chemical changes in the interfacial layers.
As shown in Fig. 1(c), we observe a slight reduction in the
valence localized to a narrow region of 1–2 unit cells (u.c.)
near the interface [the spectra are shown in Fig. 1(d)]. We are
not sure what causes this effect. We can exclude the formation
of a significant amount of europium silicides, as these silicides
reveal themselves in our STEM measurements as bright spots

(see the Supplemental Material, part 1 of Fig. S6). Overox-
idation of europium oxide would lead to an increase in the
valence, not a reduction.

It is also very unlikely that europium metal could exist just
at the interface, because of the high reactivity of europium
atoms with oxygen and silicon. We also find no indications
of europium metal clusters at the interface, which should be
clearly visible in STEM. In addition, the EELS spectra of
the EuO and the interface look very similar, except for the
small shift. The slight reduction in the europium valence at
the interface therefore might be an effect related to interface
defects or it may be characteristic for the clean EuO/SrO/Si
interface. Further studies would be needed to clarify this ques-
tion, possibly taking into account the atomic reconstruction of
this interface and lanthanum doping.

We infer that the higher growth temperature of TSub =
250 ◦C allows improved crystallization of the film after strain
relaxation due to the 5.6% lattice mismatch between EuO
and silicon, while still avoiding strong interdiffusion and
unwanted interface reactions. This is corroborated by the re-
duced full width at half maximum of the EuO 002 rocking
curve of the film grown at the higher temperature [Fig. 2(a)].
In θ -2θ scans we find no indications of impurity phases in
either sample [Fig. 2(b)].
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FIG. 2. X-ray diffraction scans of samples A (undoped EuO, 1 ML SrO) and B (0.1% La-doped EuO, 1
2 ML SrO) deposited at TSub =

200 ◦C and 250 ◦C, respectively. (a) Rocking curves of the samples demonstrating that increasing the substrate temperature considerably
improves the crystalline quality of the film. (b) θ -2θ scans of the same samples showing no indications of unwanted phases. Asterisks (*)
denote substrate peaks; the aluminum peaks result from the polycrystalline aluminum capping layer.

In the STEM image [Fig. 1(b)], we also see that there is a
∼1-nm-thick layer at the EuO/SrO/Si interface where indi-
vidual europium atoms are still visible, but not as clearly as
in the bulk EuO. This indicates some disorder at the interface,
which is also consistent with the change in the RHEED pat-
terns observed during the initial stages of film growth (Fig. 3).
After deposition of strontium and oxidation of strontium to
SrO, the surface still shows sharp and very bright RHEED
streaks indicating a well-ordered and flat surface [Fig. 3(a)].
During the deposition of the first monolayers of EuO the
RHEED diffraction maxima dim and the background signal
increases, indicating a reduction in the structural perfection
of the growing film compared to the substrate. In this stage
dim streaks develop at the original substrate diffraction max-
ima positions indicating lattice-matched growth of EuO on
silicon [Fig. 3(b)]. During the deposition of EuO from ML
1 through MLs 2–3, these RHEED streaks become sharper
and the background decreases [Fig. 3(c)]. After 2–3 MLs
of EuO, transitional faint extra spots and ringlike structures

appear and the streaks shift toward larger angles, consistent
with the structural disorder resulting from the relaxation of
EuO towards its bulk lattice parameter of 5.141 Å beyond this
critical film thickness [Fig. 3(d)]. Due to the large lattice mis-
match between EuO and silicon of +5.6%, the relaxation of
EuO grown on silicon is expected. From the evolution of our
RHEED patterns we conclude that the critical thickness for the
onset of relaxation of EuO on SrO-buffered silicon is 2–3 MLs
at a substrate temperature of 250 ◦C. As the EuO deposition
continues, the extra spots vanish after a few nanometers, the
streaks became sharper, and the background decreases indicat-
ing improving crystallinity of the EuO [Figs. 3(e) and 3(f)].

The magnetic properties of the samples were measured
by SQUID magnetometry (Fig. 4). The Curie temperature
of sample B, which is doped with 0.1% of lanthanum, is
increased to 78 K, as expected from this amount of lanthanum
doping [14]. The saturation magnetization of the same sample
is 6.8 ± 0.2 μB/Eu, which is consistent with the theoretical
maximum of 7 μB/Eu and measurement of bulk EuO [37].

FIG. 3. RHEED images from various stages of epitaxy of EuO on silicon at a substrate temperature of TSub = 250 ◦C. (a)/(g) Protection
of the silicon substrates against unwanted interface reactions with 1

2 ML of SrO prior to the EuO deposition. Panels (b)–(f) and (h)–(l): Images
taken at increasing thickness of the growing EuO film, given in unit cells (uc, where 1 uc = 2 MLs). The photographs were recorded with the
incident beam azimuths pointing along the [100] [see (a)–(h)] and [110] [see (g)–(l)] directions of the EuO film (and silicon substrate).
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FIG. 4. (a) Temperature dependence of the in-plane magnetization of a 50-nm-thick Eu0.999La0.001O film grown on a 001-oriented silicon
substrate at TSub = 250 ◦C using 1

2 ML of SrO as a buffer layer (sample B). The Curie temperature determined from this measurement is 78 K.
(b) Hysteresis loop of the same sample showing a saturation magnetization of 6.8 μB/Eu atom of the film.

Because of the large magnetic moment of the europium atoms
and the relatively small amount of disorder found at the
Eu1−xLaxO/SrO/Si interface we expect electrical currents in
the Eu1−xLaxO to be spinpolarized close to the interface at
temperatures T < 78 K.

IV. CONCLUSIONS

At the high-quality Eu1−xLaxO/ 1
2 ML SrO/Si interfaces

produced in this study we expect approximately every other
europium atom from the Eu1−xLaxO to be directly bonded to
a silicon atom. Reducing the amount of SrO at the interface
to half a monolayer and avoiding interface impurities may
possibly avoid the formation of a tunnel contact between the
materials. In addition, avoiding europium valence changes al-
lows the strong magnetism of the Eu1−xLaxO to be maintained
at the interface. It is conceivable that such a structure will
enable the high spin polarization of electrical currents to prop-
agate across the interface and ultimately allow direct ohmic
injection of spin-polarized currents from the conductance-
matched Eu1−xLaxO into the silicon substrate. Successful spin
injection from the Eu1−xLaxO into the silicon also depends on
the band structures of the materials at the interface. The band
gaps of EuO (1.12 eV [38]) and Si (1.1 eV) match almost pre-
cisely. In a naïve picture this should be ideal for spin injection.
Recently, Lev et al. used soft-x-ray ARPES to investigate the
band structure of EuO thin films (1.3 nm) deposited directly
onto silicon [29]. They estimated the conduction band offset
to be 1.0 eV, which adds to the technological potential of the
Si/EuO system for spintronic devices.

The details of the interface band structure and spin injec-
tion efficiency, however, also depend on the precise atomic
structure of the interface, including possible shifts in atomic
positions and associated dipole formation, the presence and
distribution of europium silicides, europium and silicon ox-
ides, and the atomic species used for surface protection.
Measurements employing STEM-EELS and density func-

tional theory calculations based on an atomistic model of the
various interface structures could be highly beneficial to deter-
mine the best interface candidates for efficient spin injection,
which may ultimately result in highly efficient Eu1−xLaxO/Si
spin filter contacts.

In summary, we have optimized the epitaxial growth of un-
doped and La-doped EuO on silicon. We found that by using
relatively low substrate temperatures (200–250 ◦C) and em-
ploying very accurate control of the oxygen partial pressure
it is possible to deposit epitaxial Eu1−xLaxO on SrO-buffered
silicon with no detectable impurity phases as confirmed by
atomically resolved STEM-EELS measurements, which have
demonstrated the ability of detecting even very small amounts
of impurity phases. The minimum amount of SrO required
for avoiding the formation of reaction phases at the interface
was 1

2 monolayer and the sweet-spot substrate temperature
that yielded the best atomic interface structure was TSub =
250 ◦C. At just a little bit higher substrate temperatures around
TSub = 280 ◦C the buffer layer no longer avoided unwanted
interface reactions. The growth technique developed therefore
provides a promising alternative starting point for performing
spin-injection studies in the Eu1−xLaxO/SrO/Si system.
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a)	
  Further	
  details	
  on	
  our	
  low-­‐temperature	
  EuO	
  and	
  Eu1-­‐xLaxO	
  film	
  deposition	
  methods	
  	
  
To	
   get	
   a	
   better	
   idea	
   of	
   the	
   low-­‐temperature	
   limit	
   of	
   our	
   film	
   deposition	
   approach	
   to	
  

minimize	
   interface	
   reactions,	
  we	
   began	
   by	
  mapping	
   out	
   the	
   precise	
   growth	
  window	
   of	
   EuO	
   as	
   a	
  
function	
   of	
   the	
   substrate	
   temperature	
   TSub	
   and	
   P(O2)	
   by	
   growing	
   EuO	
   films	
   on	
   (110)	
   YAlO3	
  
substrates	
  (Fig.	
  S1).	
  

	
  
FIG.	
  S1.	
  (Color	
  online)	
  Growth	
  window	
  of	
  close-­‐to-­‐stoichiometric	
  EuO	
  deposited	
  on	
  YAlO3	
  
determined	
  from	
  RHEED	
  studies	
  as	
  a	
  function	
  of	
  substrate	
  temperature	
  TSub	
  and	
  estimated	
  absolute	
  
oxygen	
  partial	
  pressure	
  P(O2)	
  at	
  a	
  constant	
  europium	
  flux	
  of	
  5.2  ×  10!"	
  atoms/(cm2s).	
  The	
  red	
  
crosses	
  indicate	
  the	
  P(O2)	
  limits	
  for	
  the	
  growth	
  of	
  ~35	
  nm	
  thick	
  EuO-­‐films	
  that	
  are	
  free	
  of	
  extra	
  
spots	
  in	
  RHEED	
  images	
  at	
  each	
  substrate	
  temperature.	
  The	
  blue	
  lines	
  connecting	
  these	
  crosses	
  are	
  
guides	
  to	
  the	
  eye.	
  Close-­‐to	
  stoichiometric	
  EuO	
  could	
  be	
  grown	
  at	
  lower	
  temperatures	
  than	
  needed	
  
for	
  full	
  adsorption-­‐control	
  (~375	
  °C)	
  within	
  the	
  region	
  shaded	
  in	
  blue.	
  The	
  parameter	
  space	
  used	
  
for	
  the	
  low-­‐temperature	
  growth	
  of	
  the	
  main	
  samples	
  of	
  this	
  study	
  is	
  shaded	
  in	
  red.	
  (Figure	
  adapted	
  
from	
  Ref.	
  [1]).	
  
	
  

At	
   lower	
   substrate	
   temperatures	
   it	
   becomes	
   harder	
   to	
   grow	
   stoichiometric	
   EuO	
   as	
   the	
  
fraction	
  of	
  europium	
  atoms	
  that	
  can	
  re-­‐evaporate	
  decreases	
  (these	
  are	
  the	
  atoms	
  that	
  still	
  exhibit	
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sufficient	
  kinetic	
  energy	
  according	
  to	
  the	
  narrowing	
  energy	
  distribution).	
  This	
  leads	
  to	
  considerable	
  
narrowing	
   of	
   the	
   P(O2)-­‐range	
   for	
   stoichiometric	
   growth.	
   We	
   also	
   find	
   that	
   the	
   H2,	
   O2,	
   and	
   H2O	
  
background	
  partial	
  pressures	
  influence	
  the	
  required	
  P(O2).	
  To	
  keep	
  the	
  H2	
  and	
  H2O	
  backgrounds	
  as	
  
low	
  as	
  possible,	
  we	
  outgassed	
  the	
  europium	
  source	
  at	
  growth	
  temperature	
  over	
  several	
  weeks	
  and	
  
cooled	
  the	
  chamber	
  walls	
  with	
  liquid	
  N2.	
  For	
  optimum	
  precision	
  in	
  P(O2),	
  we	
  use	
  an	
  RGA	
  (RGA	
  200,	
  
Stanford	
  Research	
  Systems)	
   to	
   control	
   a	
  piezoelectric	
   leak	
  valve	
  allowing	
  P(O2)	
   to	
  be	
   set	
  with	
  an	
  
estimated	
  accuracy	
  better	
   than	
  1  ×  10!!"	
  Torr	
   [2].	
  As	
  opening	
   the	
  europium	
  effusion	
  cell	
   shutter	
  
leads	
  to	
  a	
  sharp	
  drop	
  in	
  P(O2)	
  at	
  the	
  low	
  growth	
  pressures	
  shown	
  in	
  Fig.	
  S1,	
  we	
  open	
  the	
  europium	
  
shutter	
  first,	
  wait	
  until	
  P(O2)	
  stabilizes,	
  and	
  finally	
  open	
  the	
  main	
  shutter	
  (a	
  shutter	
  immediately	
  in	
  
front	
  of	
  the	
  sample	
  that	
  blocks	
  all	
  molecular	
  beams	
  when	
  it	
  is	
  closed),	
  which	
  starts	
  the	
  deposition	
  of	
  
EuO	
  on	
  the	
  substrate.	
  We	
  typically	
  use	
  a	
  europium	
  flux	
  of	
  5.2  ×  10!"	
  atoms/(cm2s).	
  To	
  increase	
  the	
  
area	
  with	
  homogeneous	
  flux,	
  the	
  samples	
  are	
  rotated	
  at	
  5	
  rpm.	
  	
  	
  	
  	
  

In	
   this	
   way	
   we	
   deposited	
   multiple	
   undoped	
   EuO	
   thin	
   films	
   on	
   (110)-­‐oriented	
   YAlO3	
  
substrates	
  (size	
  1cm	
  x	
  1	
  cm)	
  and	
  investigated	
  them	
  in	
  situ	
  by	
  RHEED	
  and	
  ex	
  situ	
  by	
  XRD	
  to	
  map	
  out	
  
Fig.	
   S1.	
   In	
   these	
   experiments	
   we	
   found	
   a	
   growth	
   window	
   for	
   EuO	
   thin	
   films	
   on	
   YAlO3	
   for	
  
temperatures	
  down	
  to	
  200	
  °C	
  in	
  which	
  no	
  RHEED	
  extra	
  spots	
  appeared	
  after	
  deposition	
  of	
  ~35	
  nm	
  
EuO	
  and	
  XRD	
   showed	
  no	
   signs	
   of	
   other	
  phases.	
   Below	
  200	
   °C,	
   35	
  nm	
   thick	
   films	
   always	
   showed	
  
extra	
  spots	
  indicating	
  the	
  formation	
  of	
  polycrystalline	
  islands.	
  	
  At	
  this	
  low	
  temperature,	
  the	
  growth	
  
window	
  is	
  probably	
  too	
  narrow	
  to	
  allow	
  prolonged	
  stoichiometric	
  growth	
  or	
  the	
  thermal	
  energy	
  is	
  
insufficient	
  for	
  consistent	
  crystallization	
  of	
  the	
  EuO	
  being	
  deposited	
  on	
  YAlO3.	
  

When	
   the	
   oxygen	
   pressure	
   was	
   slightly	
   outside	
   of	
   the	
   growth	
   window	
   (within	
   ~5%),	
  
characteristic	
  extra	
  spots	
   in	
  RHEED	
  clearly	
   indicated	
  oxygen-­‐rich	
  or	
  oxygen-­‐poor	
  conditions	
   (Fig.	
  
S2).	
   For	
   conditions	
   farther	
   away	
   from	
   the	
   growth	
   window,	
   it	
   was	
   much	
   harder	
   to	
   relate	
   the	
  
additional	
  phases	
   to	
  oxygen-­‐rich	
  or	
  poor	
  conditions,	
  as	
   the	
  extra	
  spots	
  eventually	
  developed	
   into	
  
faint	
  rings	
  indicating	
  polycrystallinity.	
  	
  

	
  

	
  
FIG.	
  S2.	
  (Color	
  online)	
  RHEED	
  images	
  taken	
  with	
  incident	
  beam	
  along	
  the	
  [110]	
  azimuth	
  of	
  the	
  EuO	
  
film	
  (or	
  the	
  [001]	
  azimuth	
  of	
  the	
  YAlO3	
  substrate)	
  for	
  ~35	
  nm	
  thick	
  EuO	
  films	
  deposited	
  on	
  (110)	
  
YAlO3	
  at	
  different	
  oxygen	
  pressures	
  P(O2)	
  and	
  substrate	
  temperatures	
  around	
  TSub  = 250  °C.	
  The	
  
percentage	
  values	
  given	
  indicate	
  the	
  deviation	
  of	
  the	
  absolute	
  P(O2)	
  from	
  extra-­‐spot-­‐free	
  growth	
  at	
  
P(O2)	
  =  2.5  ×  10!!	
  Torr,	
  estimated	
  from	
  ion	
  gauge	
  measurements.	
  	
  (From	
  Ref.	
  [1]).	
  
	
  

When	
  we	
  deposited	
  EuO	
  and	
  Eu1-­‐xLaxO	
  on	
  SrO-­‐protected	
  silicon	
  wafers	
  we	
  could	
  also	
  
identify	
  oxygen	
  poor	
  or	
  oxygen	
  rich	
  conditions	
  in	
  a	
  similar	
  way	
  by	
  RHEED,	
  because	
  we	
  could	
  
identify	
  the	
  positions	
  of	
  extra	
  spots	
  indicating	
  unwanted	
  phases	
  of	
  both	
  cases.	
  Exemplary	
  RHEED	
  
images	
  for	
  both	
  cases	
  and	
  for	
  the	
  stoichiometric	
  case	
  are	
  shown	
  in	
  Fig.	
  S3.	
  The	
  positions	
  of	
  the	
  
typical	
  extra	
  spots	
  were	
  partially	
  similar	
  as	
  compared	
  to	
  growth	
  of	
  EuO	
  on	
  YAlO3	
  substrates,	
  but	
  
there	
  were	
  also	
  some	
  differences.	
  Differences	
  were	
  expected,	
  due	
  to	
  the	
  different	
  lattice	
  parameter	
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of	
  the	
  silicon,	
  which	
  can	
  lead	
  to	
  different	
  crystallographic	
  orientations	
  of	
  unwanted	
  phases.	
  The	
  
determination	
  of	
  the	
  type	
  of	
  the	
  off-­‐stoichiometry	
  (oxygen	
  poor	
  vs.	
  oxygen	
  rich)	
  was	
  also	
  only	
  
possible	
  within	
  a	
  narrow	
  range	
  of	
  oxygen	
  pressures	
  (~5%),	
  because	
  in	
  case	
  of	
  larger	
  deviations	
  the	
  
positions	
  of	
  the	
  characteristic	
  extra	
  spots	
  in	
  RHEED	
  images	
  washed	
  out	
  completely,	
  because	
  the	
  
EuO	
  films	
  became	
  more	
  and	
  more	
  polycrystalline.	
  	
  	
  

	
  

	
  
Fig.	
  S3.	
  (Color	
  online)	
  Typical	
  RHEED	
  image	
  patterns	
  for	
  (a)/(d)	
  slightly	
  oxygen	
  deficient	
  (b)/(e)	
  
stoichiometric	
  and	
  (c)/(f)	
  slightly	
  oxygen	
  rich	
  EuO	
  films	
  deposited	
  on	
  SrO2-­‐protected	
  silicon	
  wafers.	
  
The	
  deviations	
  from	
  the	
  ideal	
  deposition	
  pressures	
  were	
  estimated	
  to	
  be	
  within	
  2-­‐4%.	
  All	
  EuO	
  films	
  
were	
  deposited	
  at	
  TSub=250°C.	
  The	
  photographs	
  were	
  recorded	
  with	
  the	
  incident	
  beam	
  azimuths	
  
pointing	
  along	
  the	
  [100]	
  (see	
  (a)-­‐(c))-­‐	
  and	
  [110]	
  (see	
  (d)-­‐(f))-­‐directions	
  of	
  the	
  EuO	
  film	
  (and	
  silicon	
  
substrate).	
  	
  
	
  

Because	
  of	
  the	
  larger	
  size	
  of	
  the	
  silicon	
  wafers	
  (3	
  inch	
  diameter)	
  as	
  compared	
  to	
  the	
  YAlO3	
  
substrate	
  (1cm	
  x	
  1cm),	
  the	
  observed	
  RHEED	
  patterns	
  additionally	
  had	
  a	
  spacial	
  dependence.	
  We	
  
found	
  that	
  characteristic	
  diffraction	
  patterns	
  occurred	
  depending	
  on	
  the	
  radial	
  position	
  of	
  the	
  
RHEED	
  beam	
  on	
  the	
  silicon	
  wafer.	
  This	
  effect	
  is	
  schematically	
  illustrated	
  in	
  Fig.	
  S4.	
  The	
  patterns	
  we	
  
found	
  can	
  be	
  explained	
  by	
  the	
  effect	
  of	
  two	
  parameters,	
  the	
  europium-­‐flux	
  and	
  the	
  oxygen-­‐flux,	
  
which	
  both	
  drop	
  as	
  a	
  function	
  of	
  the	
  radial	
  position	
  on	
  the	
  silicon	
  wafer.	
  In	
  the	
  ideal	
  case	
  (see	
  Fig.	
  
4(b)),	
  the	
  europium	
  and	
  the	
  oxygen	
  fluxes	
  are	
  closely	
  matched	
  within	
  a	
  certain	
  region	
  around	
  the	
  
center	
  of	
  the	
  wafer	
  leading	
  to	
  a	
  relatively	
  large	
  area	
  with	
  stoichiometric	
  EuO.	
  In	
  case	
  of	
  slightly	
  
lower	
  oxygen	
  pressures	
  there	
  is	
  too	
  much	
  europium	
  in	
  the	
  center	
  leading	
  to	
  characteristic	
  extra	
  
spots.	
  But	
  as	
  the	
  europium-­‐flux	
  drops	
  more	
  quickly	
  with	
  increasing	
  distance	
  from	
  the	
  wafer	
  center	
  
there	
  is	
  also	
  a	
  ring-­‐shaped	
  region	
  of	
  stoichiometric	
  europium	
  oxide	
  (see	
  Fig.	
  4(a)).	
  This	
  annulus	
  of	
  
stoichiometric	
  EuO	
  separates	
  the	
  oxygen-­‐deficient	
  and	
  the	
  oxygen-­‐rich	
  EuO	
  regions	
  across	
  the	
  
wafer.	
  For	
  oxygen	
  pressures	
  slightly	
  above	
  the	
  optimum	
  value	
  the	
  diameter	
  of	
  the	
  region	
  exhibiting	
  
stoichiometric	
  europium	
  oxide	
  shrinks	
  (see	
  Fig.	
  4(c)).	
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Fig.	
  S4.	
  (Color	
  online)	
  Schematics	
  showing	
  the	
  influence	
  of	
  the	
  oxygen	
  pressure	
  on	
  the	
  local	
  
stoichiometry	
  of	
  EuO	
  films	
  deposited	
  on	
  SrO-­‐protected	
  silicon	
  wafers	
  for	
  three	
  different	
  scenarios	
  
(the	
  same	
  effects	
  occur	
  in	
  case	
  of	
  Eu1-­‐xLaxO	
  films).	
  The	
  regions	
  shaded	
  in	
  red	
  symbolize	
  the	
  areas	
  on	
  
the	
  silicon	
  wafers	
  that	
  exhibit	
  stoichiometric	
  europium	
  oxide	
  regarding	
  oxygen	
  content	
  according	
  
to	
  RHEED	
  patterns	
  (a)	
  pressure	
  slightly	
  too	
  low	
  	
  (approx.	
  -­‐1.5%)	
  (b)	
  ideal	
  pressure	
  (c)	
  pressure	
  
slightly	
  too	
  high	
  (approx.	
  +1.5%).	
  
	
  

Identifying	
  these	
  patterns	
  allowed	
  us	
  to	
  determine	
  the	
  ideal	
  oxygen	
  pressure	
  for	
  EuO	
  and	
  
Eu1-­‐xLaxO	
  thin	
  film	
  deposition	
  on	
  silicon	
  wafers	
  very	
  precisely	
  by	
  RHEED:	
  when	
  we	
  were	
  very	
  close	
  
to	
  ideal	
  conditions	
  we	
  watched	
  the	
  change	
  in	
  RHEED	
  patterns	
  as	
  we	
  moved	
  the	
  RHEED-­‐beam	
  
across	
  the	
  sample.	
  	
  After	
  this	
  measurement	
  we	
  carefully	
  adjusted	
  the	
  oxygen	
  pressure	
  accordingly	
  
and	
  produced	
  another	
  sample	
  using	
  the	
  ideal	
  oxygen	
  pressure.	
  This	
  procedure	
  allowed	
  us	
  to	
  
reproducibly	
  deposit	
  high-­‐quality	
  Eu1-­‐xLaxO	
  films	
  on	
  SrO-­‐protected	
  silicon	
  wafers.	
  Because	
  of	
  the	
  
large	
  amount	
  of	
  work	
  required	
  for	
  the	
  preparation	
  and	
  measurement	
  of	
  STEM-­‐EELS	
  samples	
  we	
  
limited	
  our	
  STEM-­‐EELS	
  investigation	
  to	
  only	
  the	
  best	
  samples	
  as	
  determined	
  by	
  RHEED.	
  

	
  
When	
  depositing	
  EuO	
  or	
  Eu1-­‐xLaxO	
  on	
  SrO-­‐protected	
  silicon	
  at	
  temperatures	
  slightly	
  above	
  

280°C	
   extra	
   spots	
   appeared	
   in	
   RHEED	
   images	
   directly	
   after	
   starting	
   the	
   Eu1-­‐xLaxO-­‐deposition,	
  
indicating	
   the	
   formation	
  of	
   impurity	
  phases.	
   	
  An	
  example	
  of	
   such	
  RHEED	
   images	
  as	
   a	
   function	
  of	
  
Eu1-­‐0.01La0.01O	
  thickness	
  tEuO	
  is	
  shown	
  in	
  Fig.	
  S5.	
  At	
  higher	
  deposition	
  temperatures	
  these	
  extra	
  spots	
  
typically	
  vanish,	
  as	
  has	
  been	
  reported	
  before	
  (see	
  Refs.	
  [3]	
  and	
  [4]).	
  STEM-­‐EELS	
  measurements	
  of	
  
such	
  samples	
  revealed	
  europium	
  silicides	
  at	
  the	
  interface	
  (Ref.	
  [5]).	
  We	
  conclude	
  that	
  at	
  the	
  higher	
  
deposition	
  temperatures	
  the	
  SrO	
  interface	
  is	
  not	
  stable	
   leading	
  to	
  a	
  structural	
  rearrangement	
  and	
  
the	
   formation	
   of	
   europium	
   silicides	
   at	
   the	
   interface.	
   The	
   rearranged	
   interface	
   structure	
   that	
  
includes	
  europium	
  silicides	
  provides	
  a	
  very	
  good	
  structural	
  template	
  for	
  the	
  further	
  growth	
  of	
  Eu1-­‐
xLaxO.	
  But	
  it	
  may	
  also	
  prevent	
  efficient	
  spin	
  injection	
  into	
  silicon,	
  as	
  has	
  been	
  discussed	
  before.	
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Fig.	
  S5.	
  (Color	
  online)	
  RHEED	
  image	
  patterns	
  for	
  a	
  Eu1-­‐0.01La0.01O	
  film	
  deposited	
  on	
  silicon	
  with	
  a	
  1	
  
ML	
  SrO	
  buffer	
  layer	
  at	
  TSub=300°C	
  taken	
  at	
  increasing	
  film	
  thickness	
  tEuO.	
  The	
  photographs	
  were	
  
recorded	
  with	
  the	
  incident	
  beam	
  azimuths	
  pointing	
  along	
  the	
  [100]	
  (see	
  (a)-­‐(c))-­‐	
  and	
  [110]	
  (see	
  
(d)-­‐(f))-­‐directions	
  of	
  the	
  Eu1-­‐0.01La0.01O	
  film	
  (and	
  silicon	
  substrate).	
  	
  
	
  
b)	
  Visibility	
  of	
  strontium	
  and	
  silicon	
  in	
  the	
  STEM-­‐EELS	
  measurements	
  

Our	
  EELS	
  measurements	
  were	
  performed	
  on	
  a	
  Technai	
  F-­‐20	
  microscope	
  with	
  an	
  Enfina	
  
spectrometer.	
  	
  As	
  this	
  microscope	
  is	
  not	
  aberration-­‐corrected,	
  we	
  were	
  limited	
  to	
  ~10	
  pA	
  of	
  beam	
  
current	
  during	
  imaging	
  and	
  EELS	
  measurements.	
  	
  As	
  a	
  result,	
  we	
  could	
  not	
  collect	
  atomic-­‐
resolution	
  EELS	
  spectra	
  simultaneously	
  from	
  each	
  element	
  in	
  the	
  system.	
  	
  The	
  Sr-­‐L2,3	
  edge	
  is	
  at	
  
about	
  1900	
  eV	
  and	
  has	
  a	
  very	
  weak	
  cross-­‐section.	
  	
  We	
  were	
  unable	
  to	
  collect	
  this	
  edge	
  either	
  
simultaneously	
  with	
  the	
  other	
  spectra	
  (we	
  did	
  not	
  have	
  a	
  dual	
  EELS	
  capability	
  to	
  record	
  two	
  
separate	
  energy	
  ranges)	
  or	
  to	
  detect	
  this	
  signal	
  at	
  all.	
  	
  We	
  have	
  been	
  able	
  to	
  acquire	
  Sr-­‐L2,3	
  edge	
  
spectra	
  on	
  the	
  F-­‐20	
  microscope	
  with	
  sufficient	
  signal	
  to	
  perform	
  atomic-­‐resolution	
  analysis	
  in	
  
SrTiO3.	
  	
  But	
  due	
  to	
  the	
  small	
  amount	
  of	
  Sr,	
  especially	
  when	
  using	
  a	
  

!
!
	
  ML	
  SrO	
  buffer	
  layer,	
  we	
  think	
  it	
  

would	
  be	
  extremely	
  challenging	
  to	
  detect	
  the	
  Sr	
  signal	
  in	
  EuO/SrO/Si	
  interfaces	
  even	
  if	
  the	
  
spectrometer	
  allowed	
  it.	
  In	
  addition,	
  it	
  is	
  difficult	
  to	
  distinguish	
  Sr	
  and	
  Eu	
  in	
  HAADF-­‐STEM,	
  because	
  
of	
  the	
  small	
  difference	
  in	
  contrast	
  of	
  these	
  atomic	
  species	
  and	
  the	
  amount	
  of	
  disorder	
  present	
  at	
  the	
  
interfaces.	
  

For	
  silicon,	
  we	
  used	
  our	
  simultaneously	
  recorded	
  HAADF-­‐STEM	
  signal	
  to	
  provide	
  the	
  most	
  
accurate	
  measurement	
  of	
  the	
  concentration.	
  	
  Silicon	
  has	
  a	
  low	
  atomic	
  number	
  and	
  could	
  clearly	
  be	
  
distinguished	
  from	
  the	
  heavier	
  elements.	
  
	
  
c)	
  Additional	
  STEM-­‐EELS	
  data	
  and	
  comparison	
  of	
  STEM-­‐EELS	
  measurements	
  of	
  various	
  Eu1-­‐
xLaxO	
  films	
  deposited	
  on	
  SrO-­‐protected	
  and	
  unprotected	
  silicon	
  substrates	
  



	
   6	
  

	
  
FIG.	
  S6.	
  (Color	
  online)	
  Arrangement	
  of	
  STEM	
  and	
  STEM-­‐EELS	
  measurements	
  of	
  various	
  Eu1-­‐xLaxO	
  
films	
  viewed	
  along	
  the	
  [110]	
  zone	
  axis	
  of	
  both	
  the	
  Eu1-­‐xLaxO	
  film	
  and	
  silicon	
  substrate	
  for	
  direct	
  
comparison	
  of	
  atomic	
  structures	
  and	
  valences.	
  	
  
Part1:	
  STEM	
  of	
  a	
  undoped	
  EuO	
  film	
  deposited	
  directly	
  on	
  silicon	
  at	
  TSub=350°C	
  (from	
  Ref.	
  [5]);	
  (a)	
  
Low-­‐magnification	
  view	
  of	
  the	
  whole	
  film.	
  (b)	
  and	
  (c)	
  present	
  close-­‐ups	
  of	
  different	
  regions	
  of	
  the	
  
silicon-­‐EuO	
  interface.	
  (b)	
  Shows	
  a	
  region	
  of	
  the	
  sample	
  exhibiting	
  a	
  comparatively	
  uniform	
  
interface,	
  yet	
  there	
  is	
  an	
  approximately	
  2	
  nm	
  thick	
  disordered	
  region	
  between	
  the	
  EuO	
  and	
  the	
  
silicon	
  substrate.	
  (c)	
  Shows	
  a	
  region	
  containing	
  a	
  ~5	
  nm	
  thick	
  crystalline	
  europium	
  silicide	
  
precipitate.	
  A	
  diffractogram	
  of	
  the	
  impurity	
  phase	
  is	
  shown	
  as	
  an	
  inset.	
  For	
  reference,	
  the	
  simulated	
  
diffractogram	
  of	
  the	
  assigned	
  phase,	
  EuSi2	
  is	
  also	
  shown.	
  
Part2:	
  STEM-­‐EELS	
  of	
  a	
  Eu1-­‐0.01La0.01O	
  film	
  deposited	
  on	
  

!
!
	
  ML	
  of	
  SrO	
  on	
  silicon	
  at	
  TSub=250°C	
  (Fig.	
  1	
  

from	
  the	
  main	
  manuscript).	
  Low-­‐magnification	
  and	
  high-­‐magnification	
  HAADF-­‐STEM	
  images	
  of	
  the	
  
interface	
  are	
  shown	
  in	
  (a)	
  and	
  (b),	
  respectively.	
  The	
  interface	
  is	
  abrupt	
  and	
  free	
  of	
  impurity	
  layers.	
  
(c)	
  An	
  EELS	
  concentration	
  profile	
  across	
  the	
  interface	
  shows	
  a	
  region	
  near	
  the	
  interface	
  with	
  a	
  
slightly	
  smaller	
  valence.	
  The	
  position	
  is	
  shown	
  in	
  units	
  of	
  EuO	
  unit	
  cells	
  (u.c.).	
  	
  
Part3:	
  	
  STEM-­‐EELS	
  of	
  a	
  undoped	
  EuO	
  film	
  deposited	
  on	
  1	
  ML	
  of	
  SrO	
  on	
  silicon	
  at	
  TSub=200°C.	
  Lower-­‐
magnification	
  and	
  higher-­‐magnification	
  HAADF-­‐STEM	
  images	
  of	
  the	
  interface	
  are	
  shown	
  in	
  (a)	
  and	
  
(b)	
  respectively.	
  	
  The	
  crystalline	
  structure	
  is	
  inferior	
  as	
  compared	
  to	
  the	
  sample	
  deposited	
  at	
  250°C	
  
(see	
  Part2),	
  but	
  atomic	
  structure	
  is	
  still	
  visible.	
  There	
  is	
  an	
  about	
  1-­‐2	
  nm	
  thick	
  disordered	
  section	
  at	
  
the	
  interface.	
  There	
  are	
  no	
  indications	
  of	
  Eu	
  silicides	
  at	
  the	
  interface	
  (such	
  silicides	
  appear	
  as	
  a	
  thin	
  
row	
  of	
  bright	
  spots	
  in	
  other	
  samples,	
  see	
  Part1).	
  (c)	
  An	
  EELS	
  concentration	
  profile	
  across	
  the	
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interface	
  shows	
  the	
  transition	
  between	
  silicon	
  and	
  europium	
  atoms	
  at	
  the	
  interface.	
  No	
  valence	
  
changes	
  in	
  the	
  intermixed	
  region	
  are	
  observed.	
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