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Half-metallicity in europium oxide conductively matched with silicon
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EuO;_,—a remarkably versatile ferromagnetic semiconductor with variable transport properties—
incorporated into a heterostructure with n+ doped silicon is shown to be ~90% spin polarized by Andreev
reflection (AR) spin spectroscopy. The AR measurements were done in a planar geometry with an InSn
superconducting film. A simple reactive growth technique was used to controllably introduce oxygen vacancies
into EuO_, to adjust its carrier concentration. We demonstrate by direct measurements of spin polarization that
half-metallicity of EuO;_, can be achieved in the films conductively matched with Si, thus making EuO;_, one
of the most attractive materials for silicon-based spintronics.
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I. INTRODUCTION

By enabling drastically new functionality in many tradi-
tional electronic devices, the electron’s spin is destined to
allow one to transcend the ultimate scaling limits of conven-
tional semiconductor-based electronics. The development of
many innovative solid-state concepts and devices, such as
quantum computation and spin transistors, crucially depends
on our ability to create, transfer, and detect coherent spin
states, which—in turn—require efficient electrical spin injec-
tion and long spin lifetimes in semiconductors.'~> While con-
siderable progress has been made in this area in direct gap
I11-V-based semiconductors such as GaAs,*% until recently
very little work has been reported in indirect gap semicon-
ductors such as silicon®—the true workhorse of the semicon-
ductor industry. It has long been recognized that Si should
have significantly longer spin lifetimes, compared to GaAs,
due to the presence of indirect band gap, inversion symme-
try, and lower spin-orbit coupling.®'® However, it is hard to
inject spins into Si using conventional magnetic metals be-
cause of its propensity for silicide formation and the so-
called conductivity mismatch at the interface.'!"!'> This prob-
lem can be circumvented in part by utilizing the spin-filter
effect by either a nonmagnetic tunnel barrier such as MgO
(Ref. 13) or a magnetic barrier such as undoped EuO.'* The
former strategy was used in the recent spin-injection experi-
ments of Appelbaum et al.,'”> who reported coherent spin
transport in intrinsic Si with a length scale of approximately
10 um and Jonker et al.,'® who measured ~30% spin polar-
ization from Fe across a ~0.1 wm Si epilayer. Yet, while
such an approach can successfully overcome the conductiv-
ity mismatch problem, the tunnel barrier limits the spin cur-
rent as was the case in Ref. 15.
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An effective alternative to spin filtering is the use of a
nearly 100% spin-polarized material conductively matched
with Si. While stoichiometric EuO is a magnetic
semiconductor'” with a band gap of approximately 1.1 eV
and a ferromagnetic transition (Curie) temperature T,
=69 K, Eu-rich (oxygen deficient) EuO,_, exhibits a metal-
insulator transition close to 7. Due to the exchange splitting
of either the conductance band edge or the impurity level
associated with oxygen vacancies, EuO;_, can become fully
(100%) spin polarized.'® Depending on the level of doping of
EuO,_, many orders of magnitude resistivity change have
been observed in EuO single crystals,'>?? along with a dra-
matic colossal magnetoresistance effect, exceeding the one
measured in the manganese-based perovskite oxides.?'%3 At
the same time EuO is the only known binary oxide, which is
thought to be thermodynamically stable next to Si,* and thus
can be grown directly on a Si substrate with good quality
interface. While the transport properties of EuO,_, can vary
greatly, depending on the carrier concentration, its magnetic
properties such as T~ and band structure are relatively insen-
sitive to the level of doping. These unique properties of
EuO,_, make it potentially one of the most promising mate-
rials for the efficient spin injection into Si.

II. EXPERIMENTAL TECHNIQUE

Accordingly, we have developed an approach that allowed
us to integrate variably doped highly spin-polarized eu-
ropium monoxide films with a carrier density of ~10' ¢cm™
with n-type (100) Si having matching conductivity and car-
rier concentration. Importantly, all the structural, magnetic,
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and transport measurements have been done using the same
silicon-integrated structure. In particular, we employed An-
dreev reflection (AR) spectroscopy in the planar geometry to
demonstrate very high (close to 90%) spin polarization P of
the current in EuO,_,, directly interfaced with Si. The planar
geometry, compared to a more common point-contact tech-
nique, also has an advantage as it allows us to maintain the
original quality of the Eu-rich EuO,_, film, which is gener-
ally very sensitive to oxidation in air. The use of highly
doped Si allowed us to match the conductivity of EuO and,
at the same time, to eliminate any possible parasitic resis-
tances in series with EuO;_,/superconductor interface, which
could have otherwise interfered with the AR measurements.

The Andreev reflection technique?-2® has been used suc-
cessfully to establish ~100% spin polarization of another
oxide predicted to be a half metal—chromium dioxide.?>?’
AR spectroscopy, which can be applied in either the point
contact?2% or the planar geometry,?® is based on the unique
spin—selective electrical properties of a ferromagnet/
superconductor interface. AR describes a process in which a
quasiparticle from a normal conductor with an energy below
the superconducting gap can propagate into the supercon-
ductor by reflecting at the interface as a hole with the oppo-
site spin and the same momentum, thus, converting into a
Cooper pair inside the superconductor.?’ This process re-
quires quasiparticles of both spin directions and is always
allowed in a nonmagnetic material; whereas in a ferromag-
net, AR is limited by the minority-spin population. Thus, in a
fully spin-polarized material (P=100%) AR is not possible,
resulting in zero conductance across the interface for bias
voltages below the superconducting gap at 7=0 K.3° In any
material with 0% = P=100%, the spin polarization can be
extracted from the normalized conductance curve by fitting it
with the Blonder-Tinkham-Klapwijk (BTK)-type model3!-*?
with a certain ratio of nonmagnetic to half-metallic channels,
which determines their spin polarization.

III. SAMPLE PREPARATION

Our samples have been fabricated by controlled reactive
thermal evaporation in oxygen atmosphere with the residual
pressure of approximately 10~ mbar. Si substrates were at
room temperature during the depositions. Prior to deposi-
tions the substrates were cleaned in the standard HF solution
to remove the oxide layer. Our samples were fabricated di-
rectly on a low-resistivity (0.003 Qcm and n~2
X 10" cm™ at 300 K) n-type Si substrate. First, 25 nm of
EuO,_, with a carrier density on the order of 10'® cm™ was
fabricated by reactive thermal evaporation in a controlled
low-pressure oxygen atmosphere. InSn alloy has been cho-
sen as the superconductor as it could be reproducibly grown
on EuO,_,. Before the deposition of InSn, a 6 nm aluminum
layer was deposited on EuO,_,. The role of this layer was
twofold: (i) to facilitate the growth of a smooth InSn film and
(ii)) to protect EuO,_,—particularly the ferromagnet/
superconductor interface. The InSn layer was deposited from
an evaporation source of InSn alloy with a 50:50 composi-
tion. The Ag contact pads (see Fig. 1) ~1 mm in diameter
were patterned by shadow masks and a protective layer of Ge
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FIG. 1. (Color online) A sketch of the EuO;_, heterostructure
used in all transport and magnetic measurements. From top to bot-
tom: 25 nm Ge cap/Ag contacts/400 nm InSn/6 nm Al/25 nm
EuO;_,/n+Si substrate.

was evaporated by electron beam. The entire sample film
stack, comprised of Si/25 nm EuO/6 nm Al/400 nm InSn/
Ag pads/25 nm Ge as shown in Fig. 1, was deposited in situ
onto the Si (100) substrate at room temperature. For four-
point measurements another two contacts were attached to
the back of the silicon substrate.

IV. RESULTS AND DISCUSSION

The temperature dependence of the resistivity of compos-
ite samples always showed the presence of a metal-insulator
phase transition close to ~70 K corresponding to the Curie
temperature of EuO,_,.**> The approximate carrier density of
europium oxide can be obtained from the resistivity of
EuO,_, (see Ref. 21). We estimate the resistivity of EuO,_,
from the InSn alloy resistance (seen in Fig. 2 from
the superconducting transition), which is measured in exactly
the same transverse geometry as EuO;_,. Using the known
resistivity of InSn alloy, we obtain the upper limit of
~1 mQcm for EuO,_, resistivity at T7T=4.2 K,
which  corresponds to the carrier density of

3% 10" electrons/cm?.2!-3
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FIG. 2. (Color online) Temperature dependence of the

InSn/Al/EuO,_,/Si heterostructure resistance showing a supercon-
ductive transition at 7.~5.9 K of InSn/Al layer.
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FIG. 3. (Color online) Resistance of a different sample mea-
sured below and above the superconducting gap [open (red) and
filled (blue) circles, respectively]. The strong increase in resistance
seen below the superconducting gap (~0.6 mV at 2 K) compared
to the one above the gap (~5 mV at 2 K) is due to the suppression
of Andreev reflection arising from the spin polarization of EuO;_,.
Note the onset of superconductivity at the same temperature as in
Fig. 2.

A four-probe technique in combination with standard
lock-in detection at 2 kHz has been used to measure the
current / and the conductance G=dI/dV across the hetero-
structure. The superconducting critical temperature of the
InSn alloy (~5.9 K) (see Fig. 2) was determined by mea-
suring the resistance across the whole structure and is quite
reproducible in several different samples. This temperature is
close to the known superconducting transition temperature
(6.0-6.25 K) of In;Sn and InSn, alloys,>> which have been
found to be present from the x-ray diffraction (XRD) spectra.
The strong suppression of Andreev reflection at the F/S in-
terface below the superconducting gap—the signature of
high spin polarization—can be clearly seen in Fig. 3 where
the resistances of the structure below and above and the en-
ergy gap are compared. The largest difference between the
two resistances should be observed at the lowest temperature
where the data was taken (7=2 K), measured at
V~0.6 mV (below the gap) and V~5 mV (above the gap)
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as shown in Fig. 3. These measurements also show the onset
of superconductivity as the point where this difference dis-
appears (no Andreev process is possible in the normal state).
We see in Fig. 3 that the superconducting transition tempera-
ture determined by these measurements is practically identi-
cal to the one found in Fig. 2. We did not find any other
superconductive transition that could have been ascribed to
the Al layer. Therefore, we believe it has been driven to the
superconducting state by proximity effect at the same tem-
perature as InSn alloy (5.9 K). The superconducting gap A
~0.8 meV, which was used in the data analysis, is not un-
reasonable for this binary superconducting system as it is
quite sensitive to the transparency of the InSn/Al interface.
In Fig. 4 experimental data from two samples were fitted
with the modified BTK model of Ref. 31. A detailed descrip-
tion of this analysis can be found elsewhere.?®*? The data in
Fig. 4 are presented for the lowest measurement temperature
(~2 K). Similar to the results of Ref. 37, we found that the
spin polarization P is essentially temperature independent in
the range between 1.8 and 4.2 K as can be expected for a
ferromagnet with the Curie temperature of 69 K, although
the quality of the fits at higher temperatures is not as good.
Importantly, our geometry allowed us to completely elimi-
nate any “spreading resistance,” an additional resistance in
series with the F/S junction often used in the model,?® since
the resistance of the Si wafer and the Si/EuQO,_, interface
was negligible compared to the resistance of the F/S junc-
tions, largely due to the high-Si doping concentration. Analo-
gous results (within 5%) have been obtained with several
different samples. The typical values of Z are of the order of
0.1-0.2 indicating high-transparency interface.
Alternatively, it is possible to make use of the fact that the
temperature dependence of the resistivity below T can also
be described by the BCS model and, in principle, can be used
to extract the value of P as well—as was demonstrated, for
example, in Ref. 39. In Fig. 5 we plot a numerical fit to the
temperature-dependent resistance data. We found the overall
shape of the calculated curve to be very sensitive to the val-
ues of P. The spin-polarization results are qualitatively simi-
lar to the analysis presented in Fig. 4; in fact P obtained from
these fits (~95%) is consistently higher compared to the
values extracted from the voltage-dependent conductance
fits. However, we believe that these results are less accurate.
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FIG. 4. (Color online) Differential conductance plotted as a function of bias voltage for the InSn/Al/EuO,_, junction at 1.8 (left, red
circles) and 2 K (right, blue squares). Numerical fits used to obtain the spin-polarization value is shown by the solid line; fitting parameters,
left: A=0.81 meV, Z=0.11, and P=86%, right: A=0.81 meV, Z=0.05, and P=85%.
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FIG. 5. (Color online) Numerical fit with the BCS theory of the
temperature-dependent resistivity curve presented in Fig. 3 with
A(0)=0.81 meV. Dashed (red) curve represents the numerical fit
scaled down by a factor 1.8 (see text); open squares are the experi-
mental data. The fitting parameters: Z=0.11 and P=95.8%.

First, the resistance data, as can be seen from Fig. 3, have
small but distinctive temperature-dependent background.
Second, the theoretical values were taken at V=0, whereas
the resistance data were taken at finite voltage. This can be
taken into account by using the appropriate scaling factor for
the calculated curve; however, it introduces an additional er-
ror, which is absent in the case of the temperature-
independent conductance curves. While the fact that good
quality fits can be obtained by this approach is rather encour-
aging, we believe that the P values are overestimated com-
pared to the maximum values of P~90% obtained by the
more conventional analysis (Fig. 4). Overall, these results
strongly suggest that EuO,_, is a half metal even at high
carrier-concentration levels. At the same time, high transpar-
ency of the Si/EuO;_, barrier makes this system a very
promising candidate for spin injection into Si.

XRD measurements (Cu-Ka) demonstrate a good quality
textured EuO film with the matching In;Sn and InSn, peaks
of the InSn alloy. In Fig. 6 the typical XRD data are shown.
The EuO (200) peak can be easily identified. We have also
considered the structure of InSn alloy that was deposited as
part of our composite InSn/Al superconducting film. The
XRD data indicate the presence of both In;Sn and InSny
phases, identified on the basis of their reference spectra. This
is consistent with the original InSn composition. The in-
plane magnetic properties of the EuO film, measured by a
superconducting quantum interference device magnetometer,
are presented in Fig. 7. The magnetization M(T) confirms the
onset of the ferromagnetic transition at approximately 69 K,
equal to that of bulk single crystals;** a similar temperature
can also be inferred from the temperature dependence of the
resistivity. In-plane hysteresis loops measured at 5 K, shown
in the inset of Fig. 7, indicate a nominal saturation magneti-
zation of M;~4.3 ug/Eu. M, is reduced compared to the
theoretical estimate of about 7 ug/Eu.!” It should be noted
that the same growth technique we had previously applied to
a near stoichiometric EuO have always resulted in M
~7 up/Eu, even down to a 2-nm-thick film.'* One possible
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FIG. 6. (Color online) XRD measurements (Cu-Ka) of Si//45
nm EuO/6 nm Al/400 nm InSn/10 nm Al/5 nm Au structure. The
data were measured with @ at 1° offset to minimize the Si substrate
peaks.

explanation of the reduced M is the presence of a small but
measurable fraction of Eu,03, likely to be present in these
films, which we observed in x-ray absorption spectroscopy
(XAS) measurements, as discussed below. However, this ex-
planation is likely to be incomplete as the fraction of Eu,04
was estimated not to exceed 10%—15%, so the proportional
reduction in the magnetization would result in approximately
6 up/Eu. The remaining difference may be due to the un-
certainty in the thickness of EuO,_,, which is the problem
often encountered in the case of doped oxides. Specifically,
in our chamber the oxygen flow was supplied from the top,
thus, resulting in somewhat nonuniform oxygen concentra-
tions and different film compositions near the thickness
monitor and the substrate just above it. This could result in
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FIG. 7. (Color online) Field-cooled magnetization as a function
of temperature in 50 Oe field for 25-nm-thick EuO film measured
using the EuO/Al/InSn structure of Fig. 1. The Curie temperature
~69 K matches well with the bulk 7 of EuO. The inset shows
in-plane magnetization of the same film as a function of applied
field at 5 K showing a saturation magnetization of 4.3 up/Eu?
+ion.
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overestimated thickness of the film and thus reduced M,.
Importantly, however, this reduction in M, does not affect
either the T or P values we measure, indicating the robust-
ness of this magnetic system.

One reason we do not observe fully spin-polarized EuO,_,
may be due to the imperfect composition of europium oxide,
both in terms of its oxidation state and deviation from the
exact stoichiometry. EuO,_, is capped by a thin layer of Al,
which has proven to be very efficient, as the junctions are
stable with time. Nonetheless, in order to investigate the
quality of the F/S interface, we performed XAS
measurements*' on a separately fabricated sample in which
EuO,_, was capped with an 8 nm Al layer. The XAS spec-
trum showed a high-quality EuO film at the Eu/Al with per-
haps a small contribution (8%) of Eu,05. To decompose the
measured spectra into the relative fraction of EuO and
Eu,0;, we used the XAS spectra at the M, 5 edges collected
from reference films (bottom panel of Fig. 8) that were iden-
tical to the published spectra.*>** Our reference EuO and
Eu,05 spectra have at most a 5% contribution to the spectra
from the other oxide and at most a 10% contribution from
pure Eu metal. All spectra were energy shifted to be consis-
tent with the peak energies reported in Ref. 42. The small
differences in the residual spectra (shown in the top panel of
Fig. 8) are in the pre-edge and distant postedge regions. The
experimental data are well reproduced by a weighted-sum
spectra consisting of 92% EuO and 8% Eu,0s;.

As this paper was being submitted, a related work was
reported by Schmehl, et al.* In this work La-doped eu-
ropium oxide films were epitaxially grown on YAIO; sub-
strate to measure the La,EuO,_, spin polarization. As YAIO;
is not conductive, an arbitrarily chosen spreading resistance’®
had to be introduced as an additional adjustable parameter.
Similarly, significantly reduced value of the Nb supercon-
ducting gap—0.88 meV instead of 1.34 meV, the BCS Nb
gap corresponding to the reported transition temperature of
8.5 K—was used in order to fit the data. In contrast, in the
approach described here all of the spin-polarization measure-
ments, as well as any other electrical, magnetic, and struc-
tural characterizations (with the exception of the XAS mea-
surements), have been done in the same heterostructures
fabricated on highly conductive Si n+ substrates and thus
with no additional spreading resistance.

V. SUMMARY

To summarize, our direct measurements of spin polariza-
tion in EuO;_, on Si provide strong evidence that even at
high-oxygen doping levels this n-type semiconductor is a
half metal and can be conductively matched with silicon: the
semiconductor with arguably the longest spin-diffusion
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FIG. 8. (Color online) Measured and computed XAS spectra for
a 6-nm-thick EuO film capped with 8 nm of Al. Fractions of EuO
(lower energy, blue curve) and Eu,O3 (higher energy, red curve)
computed from the deconvolution of the measured spectrum were
92% and 8%, respectively. Top panel: Residual is the normalized
difference between the measured and computed spectra. Bottom
panel: EuO and Eu,0; reference spectra.

length. We can routinely fabricate stable and highly spin-
polarized EuO,_, thin film on silicon with no additional
buffer layer. While our simple technique allows an adequate
level of control of oxygen deficiency/carrier concentration in
EuO,_,, it has the added advantage of not requiring epitaxial
film growth, making the fabrication and spin-polarization
measurements of the structures needed for spin injection into
Si readily accessible. Demonstrated ~90% spin polarization
of EuO,_, integrated with Si should make possible highly
efficient electrical spin injection into Si.
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