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Spin polarization of the two-dimensional electron gas at the EuOQ/SrTiO; (001) interface
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Spin-polarized two-dimensional electron gases (2DEGs) are of particular interest for functional oxide elec-
tronics applications. The redox-created 2DEG residing on the strontium titanate, SrTiO; (STO), side of a
europium monoxide (EuO)/SrTiO; (001) interface is expected to be significantly spin polarized due to the
proximity to the strong (7 g/ f.u.) Heisenberg ferromagnet EuO. We apply magnetic circular dichroism in
the angular distribution (MCDAD) of photoemitted electrons to investigate whether and how the induced spin
polarization of the 2DEG depends on the dimensionality of the overlaying EuO layer. The experimental data
are complemented by density functional theory calculations with a Hubbard U term (DFT + U). We show
that the EuO/STO interfacial 2DEG is spin polarized even for ultrathin EuO overlayers, starting at an EuO
threshold thickness of only two monolayers. Additional EuO monolayers even increase the induced magnetic Ti
moment and thus the spin polarization of the 2DEG. Our results and the potential to enhance the magnetic order
of EuO by other proximity effects indicate that the EuO/STO(001) interface is an ideal template for creating
(multi-)functional spin-polarized 2DEGs for application in oxide electronics.

DOI: 10.1103/PhysRevMaterials.9.064401

I. INTRODUCTION

The observation of a conducting interface between the
large band gap insulators LaAlO3 and SrTiO3 [1] sparked
the scientific interest in oxide heterostructures with emer-
gent properties. The two-dimensional electron gas (2DEG)
near the interface can exhibit paramagnetism and ferromag-
netism and even coexist with superconductivity [2,3]. The
origin of the 2DEG [4] is either associated with a charge
transfer at the interface to avoid diverging electric fields at
the interface [5,6], or with oxygen vacancies at the SrTiO3
surface that arise during growth [7,8]. The oxygen vacancies
are present in crystalline oxide films that are grown under
reducing environments [9,10]. Oxygen vacancies in SrTiO3
act as donors [11] and contribute charge carriers to the 2DEG.
The corresponding states in the band gap were observed
by angle-resolved photoemission spectroscopy [12,13]. For
functional oxide (spin-)electronic devices, it would be highly
interesting to form a spin-polarized 2DEG at the interface.
Spin-polarized 2DEGs at the interfaces of oxides have been
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observed for LaAlO3;/BaTiOs [14], StMnO3/LaMnO; [15],
and heterostructures with EuTiOs [16-20], as well as for
EuO/KTaOs3 [21].

EuO/SrTiO; interfaces have attracted large interest
[12,22-26] because the conductivity mismatch in
metal/semiconductor junctions can be overcome by the
ferromagnetic (FM) semiconductor EuO [27-29]. Therefore,
the EuO/SrTiO; system could be used to fabricate a
spin-metal-oxide-semiconductor field-effect transistor [30].
Recent studies show that the magnetic order of EuO can
be enhanced and also designed by magnetic proximity
coupling to magnetic transition metals of the 3d group
[31,32]. This overcomes the relatively low Curie temperature
of EuO (69 K) in the coupled 3d FM/EuO bilayer, which
behaves like a strong synthetic ferrimagnet. Furthermore,
EuO exhibits a large (0.6eV) exchange splitting in the
conduction band [33-36]. If the vacancy-induced carriers
are located at the EuO side of the interface, it could result
in a 100% spin-polarized 2DEG [37]. However, previous
experiments show that due to the band alignment at the
interface, the vacancy-induced carriers reside mostly within
SrTiO3 [12,22]. Thus, it is not yet clear whether the interface
states formed at the EuO/SrTiOj3 interface are spin polarized
or not. In this article, we show that the interface states
are indeed spin polarized. We apply circular dichroism in
the angular distribution of direct photoemitted electrons to
demonstrate a spontaneous breaking of the time-reversal
symmetry of the interface states, which is a clear signature
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of finite spin polarization of these states. Further insights
on the electronic reconstruction and spin polarization of few
monolayers (ML) EuO on SrTiO; (001) are obtained from
density functional theory calculations with a Hubbard U term
(DFT 4+ U).

II. EXPERIMENTAL DETAILS

A. Sample preparation and handling

We have prepared EuO ultrathin films on TiO,-terminated
SrTiO3:Nb substrates (Crystec GmbH) using molecular beam
epitaxy (MBE) in ultrahigh vacuum (UHV). The base pres-
sure of the oxide MBE system at University of Konstanz
was pmee < 2 X 107!9mbar. Prior to EuO growth, the sub-
strates were annealed in UHV for 30 min at Tg = 500 °C.
EuO films of thicknesses of one, two, and four monolayers
were redox grown as described elsewhere [26]. The substrate
was kept at room temperature during deposition. Eu metal was
evaporated from a Knudsen cell at a rate of rg, = 0.005 A/s.
The rate was measured with a quartz crystal microbalance.
Subsequent in situ x-ray photoelectron spectroscopy (XPS)
was applied to confirm the stoichiometry of the deposited EuO
film as well as the partial reduction of Ti** in the substrate
to Ti*t, indicative for the formation of the interfacial two-
dimensional electron gas [26]. An ultrahigh vacuum suitcase
was used to transfer the samples in vacuo to the beam line PO4
at PETRA III (DESY, Hamburg) [38].

After transferring a sample to the liquid helium (LHe)
cooled sample stage it was magnetized by approaching a per-
manent magnet. The measurement was then performed with
the sample in the remanent magnetic state.

B. Setup

For the photoemission measurements at beam line P04
(PETRA 1II, DESY Hamburg), photoelectrons were excited
by circularly polarized soft x-rays. We used a time-of-flight
momentum microscope (MM) at the open port I of PO4 with
an energy resolution of 60 meV at a sample temperature
of 30 K [39-41]. The photoemission experiments were per-
formed with an incidence angle of the photon beam of 22°
with respect to the sample surface, and the azimuthal ori-
entation of the sample has been adjusted so that the photon
incidence plane coincides with the (100) axis of the SrTiO3
substrate. The coordinate system for the photoelectron mo-
mentum (ky, k, k;) was set to k, along the crystallographic
[001] direction, i.e., surface normal, k. along [100] and k,
along [010] in-plane directions, respectively.

III. RESULTS

A. In situ sample characterization

For all three samples, XPS of the Ti 2p core level revealed
the formation of Ti** upon Eu metal deposition, indicating
redox-driven formation of a 2DEG at the metal oxide/STO
interfaces [26]. From XPS of the Eu 3ds, core level we
find that EuO is formed with contributions of metallic Eu.
The proportion of metallic Eu increases with increasing EuO
thickness. This trend was expected because the oxygen ion
conductivity of a material not only increases with increasing
temperature but is also an important driving parameter for

the interfacial redox reaction [26,42—44]. We consider the off
stoichiometry an advantage. Eu(O) oxidizes even when stored
under UHV conditions [45]. Hence, a sample that is perfectly
stoichiometric immediately after preparation in the laboratory
will contain some undesired Eu** when investigated later at
the synchrotron. In contrast, in a sample that initially contains
Eu metal, Eu®, will oxidize to Eu®t, i.e., EuO, before the
sample starts to degrade by overoxidation. Therefore, our
samples do not degrade but ripen in the storage time between
preparation in the laboratory and measurement at PO4. LEED
and RHEED suggest the absence of long-range order of the
redox-grown EuO films.

B. Momentum microscopy

To investigate the proximity-induced magnetic order of
the 2DEG at the EuO/STO interface and its dependence on
the EuO thickness, we performed ToF-MM measurements
of the valence band using left and right circularly polarized
light (intensities /= and I, respectively). The photon energy
was set to hy = 466¢€V, i.e., to the Ti L, resonance, to en-
hance the signal from the buried interface [46].

Figures 1(i), 1(ii), and 2 show maps of the photoemission
intensities and asymmetries of the samples with EuO thick-
nesses of 2 ML, 4 ML, and 1 ML, respectively. In each figure,
from left to right these are the sum intensity as a function of
binding energy Ep and parallel momentum k, and k,,,

Lsum (EB, ki, k\) = I+(EB’ ky, k}) + 1" (EB, ki, ky) s (D
the asymmetry,

1" (Bg. ke ky) — I (Ep. kv, Ky)
Isum(EB» kx» ky)

A(Eg, ky, ky) = )]
the circular dichroism in the angular distribution (CDAD)
[47],

CDAD(Eg, k, ky) = [A(EB, kx, ky) — A(E, kv, —ky)1/2,
3)

and the magnetic circular dichroism in the angular distribution
(MCDAD) [48,49],

MCDAD(Es, ky, ky) = [A(EB, ky, ky) + A(Eg, kx, —ky)]/2.
“

In Figs. 1 and 2 the asymmetry, CDAD and MCDAD are
shown in a two-dimensional color scale. This results in a con-
trast (blue to red) only being displayed if the corresponding
intensity is significant.

The following maps of the four measures are shown:
top: N(Eg = 50meV, k,, k); middle: N(Eg, k;, k, = 0);
bottom: N(Eg, k, = 0, k,), where N denotes I, A, CDAD, and
MCDAD, respectively. Note that by definition the CDAD at
ky, =0 vanishes. Therefore, in Fig. 2(g), we present the section
ky ~ 0.02 A~!. The data were twofold symmetrized, i.e., in
our representations it is N (k,) = N(—k,).

We first discuss the results for the ferromagnetic 2 ML and
4 ML EuO on STO:Nb sample. For the samples with 2 ML
and 4 ML EuO on STO:Nb, a blurred yet well-resolved (band)
structure can be observed in the sum intensity images, Figs. 1
and 2, panels (a), (e), (i). Figures 1 and 2, panel (a), show the
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FIG. 1. Photoemission maps obtained from the samples with (i) two, and (ii) four monolayers EuO on STO:Nb. Intensity, asymmetry,
CDAD and MCDAD are shown (from left to right), each as functions of k, and k, at Eg = 50 meV (top), k, and Ej at k, = 0 (middle; for
CDAD: k, ~ 0.02 A1), as well as ky and Ep at k, = 0 (bottom). All maps exhibit strong features: The intensity maps reveal the presence of the
interfacial 2DEG. The asymmetry is pronounced and yields both a strong CDAD and MCDAD. The CDAD suggests that the bands extending
along k, and k, are of different orbital character. The nonvanishing MCDAD indicates a finite spin polarization of the 2DEG.

Fermi surfaces around the I point. Figures 1 and 2, panels (e)
and (i), are the corresponding energy-momentum maps reveal-
ing the electronic band structure along k, and k,, respectively.
They reveal parabolic structures extending from Er to the
band bottoms at approximately —150meV and —400 meV,
respectively. The corresponding widths of the structures along
k are ~0.75 A~" and ~0.3 A~'. These widths match well with
those estimated from an earlier angle-resolved photoelectron

spectroscopy (ARPES) study of the EuO/STO 2DEG for the
Ti 3d,;/y, and Ti 3d,, sub-bands [26]. We therefore state that
our sum intensity images, Figs. 1(i) and 1(ii), panels (a), (e),
(i), confirm that the interfacial 2DEG was formed.

For both samples, a strong asymmetry A is observed
[Figs. 1(i) and 1(ii), panels (b), (f), (j)] showing a similar pat-
tern. The asymmetry is larger for the 2 ML sample compared
to the 4 ML sample. This can be explained by the limited
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FIG. 2. Photoemission maps obtained from the sample with one monolayer EuO on STO:Nb. Intensity, asymmetry, CDAD, and MCDAD
are shown (from left to right), each as functions of k, and k, at Eg = 50 meV (top), k. and Eg at k, = 0 (middle; for CDAD: k, ~ 0.02 A*'),
as well as k, and Ej at k, = 0 (bottom). The weak features in the intensity maps suggest that the redox-formed interfacial 2DEG is only weak.
Asymmetry and CDAD have positive values for k, > 0 and negative values for k, < 0. The features do not resemble those of the other samples.
The MCDAD pattern does also not match those of the other samples and the contrast (blue to red) is only small. This reflects either the limited

SNR or a different electronic structure than that of the other samples

inelastic mean free path of the photoexcited electrons. The
thicker EuO layer scatters photoexcited electrons, destroying
the momentum information they carry.

The CDAD calculated from A [Figs. 1(i) and 1(ii), panels
(c), (g), (k)] is essentially antisymmetric with respect to the
k. axis as forced by definition. Small deviations from the
antisymmetry in our representation result from the nonsym-
metrized sum intensity. The band extending along the k,-axis
close to k, = 0 has the opposite sign compared to the band
along the k, axis, indicating a different orbital character of
these two bands. Similar patterns appear for both the 2 ML
and the 4 ML sample.

The MCDAD shown in Figs. 1(i) and 1(ii), panels (d), (h),
(i), reveals nonzero values in the region of the interface bands
with a similar pattern for the 2 ML and 4 ML sample. The
non-vanishing MCDAD indicates a time-reversal symmetry
breaking that can only be explained by a nonvanishing spin
polarization of the interface bands. The sign of the MCDAD
does not necessarily reflect the sign of the spin polarization, as
it results from a combination of exchange splitting and spin-
orbit interaction [49].

For a quantitative comparison, the momentum distribu-
tion curves (MDCs) along the k, and k, axes are shown
in Fig. 4. To increase the signal-to-noise ratio (SNR) the
MDCs are averaged by £0.06 A~! along the perpendicular
momentum axis. The maximum MCDAD signal amounts to
40.3 I1hax for the 2 ML sample and £0.2 I,,,x for the 4 ML
sample.

The single monolayer of EuO on STO:Nb shows a different
behavior. The photoemission intensity is comparatively low

[Figs. 2(a), 2(e), and 2(i)] and does not show the cross-shaped
pattern observed for the 2 ML and 4 ML sample. Thus, the
2DEG at the EuO/STO interface is weak. The asymmetry A
shown in Fig. 2(b) has positive values for k, > 0 and nega-
tive values for k, < 0. The corresponding CDAD [Figs. 2(b),
2(f), and 2(j)] clearly shows plus/minus features but appears
distinct from the CDAD observed for the 2 ML and 4 ML
samples. It is positive for k, > 0 and negative for k, < 0.

The MCDAD [Figs. 2(b), 2(f), and 2(j)] shows only
small positive or negative values and does not resemble the
cross-shaped pattern observed for the 2 ML and 4 ML sample.
The bare MCDAD, i.e., without normalization to the sum
intensity, shown in Fig. 3 proves that the absence of the
MCDAD feature is real and not an artifact of the normaliza-
tion. Hence, the observed MCDAD of the single monolayer
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054 05 05 fP ey ) yra e i
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FIG. 3. MCDAD for the three samples at Eg = 50 meV (see right
color scale for the MCDAD values). While the MCDAD features
of the 2 ML (middle) and the 4 ML (right) samples are similar
and resemble the shape in the representation shown in Fig. 1, the
MCDAD of the single monolayer sample (left) shows an irregular
pattern.
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FIG. 4. MDCs along k, (left) and k, (right) of the three samples
displaying the averaged MCDAD of —0.06 A~! < k, < +0.06 A~
and —0.06 A~! <k, < +0.06 A, respectively, at Ez = 50 meV.
The data are smoothed by locally weighted scatterplot smoothing
over a span of ~0.24 A1,

sample might be explained by the limited SNR or it reflects a
different electronic structure. Only the dispersion curve along
the k, axis shown in Fig. 2(I) exhibits a pattern similar to that
of the 2 and 4 ML samples. In contrast, the MDC shown in
Fig. 4 is sizable with respect to that of the other samples only
along the k, axis. However, it not only differs from the MDCs
of 2 ML and 4 ML but its amplitude is comparable to that of
the negligible MDC along k,. This supports our assumption
that the features obtained for a single monolayer are due to
an insufficient SNR or of different physical origin than those
observed for 2 ML and 4 ML EuO/STO.

IV. THEORETICAL MODELING

To shed more light on the electronic reconstruction at the
EuO/SrTiO; (001) interface we performed DFT + U calcu-
lations using the Vienna ab initio simulation package (vasp)
[50,51] with the projector augmented wave (PAW) [52,53]
basis and the PBEsol approximation for the exchange cor-
relation functional [54]. The DFT + U approach within the
Dudarev’s scheme [55] was used with an on-site Hubbard
U term of 2 eV and 7.5¢eV for the Ti 3d and Eu 4f states,
respectively. The latter value leads to a very good agreement
with angle-integrated valence band spectra [20] concerning
the position of the localized Eu 4 f states. The system consists
of 1 or 2 ML of EuO (rotated by 45°) on top of STO(001)
where the Eu ion is located at a tentative Sr site on top of
the TiO, layer that was reported previously to be the most
stable configuration [12,22]. We employed a 2a x 3a x 4a
STO(001) slab with two oxygen vacancies including 20 A
vacuum region to prevent any interaction between the slab and
its periodic images. The first oxygen vacancy is located in the
topmost TiO; layer and the second is in the SrO subsurface
layer with a distance of 6.2A [Figs. 5(a) and 5(b)]. This
configuration was found previously to be most suitable to
model the 2DEG at the STO(001) [56] and ETO(001) [20].
The lateral lattice constant is fixed to the experimental value of
STO, 3.905 A, while the calculated bulk EuO lattice constant
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FIG. 5. Side view of the relaxed structure and spin density of
(a) 2 ML EuO and (b) 1 ML EuO on STO(001) with an oxygen
vacancy in the topmost TiO, layer and the second vacancy in the
subsurface SrO layer. The spin density of 1-2 ML EuO on STO(001)
is integrated between —0.4 eV and the Fermi level. Yellow and cyan
areas indicate positive and negative spin density, respectively. Layer-,
element-, and spin-resolved density of states of (c) 2 ML EuO on
STO(001) and (d) 1 ML EuO on STO(001) together with the average
of Ti magnetic moment for each TiO; layer in pp.

is 5.18 A. Thus the EuO layer is subject to 6.6% tensile strain.
We used a plane-wave cutoff energy of 400 eV and sampled
the Brillouin zone with 6 x 4 x 1 Monkhorst-pack k points.
The ionic positions are fully relaxed until the forces were less
than 0.01 eV/A.

A side view of the relaxed structure and spin density and
the layer-resolved density of states (LDOS) of 2 and 1 ML of
EuO on STO(001) is shown in Fig. 5. Both the spin density
and LDOS indicate the formation of a spin-polarized 2DEG
in particular for the 2 ML EuO on STO(001): the averaged Ti
magnetic moment in the topmost TiO, layer is ~0.11 ug/Ti
for 2 ML EuO on STO(001) and 0.02 ug/Ti for 1 ML EuO
on STO(001). For 3 ML EuO (not shown), the Ti magnetic
moment is even larger than for 2 ML, i.e., ~0.16 ug/Ti. While
the localized Eu 4f states lie below —2 eV, localized in-gap
Ti 3d state appears at —0.5eV in the majority spin channel,
which hybridizes with Eu 5d states. The in-gap state is aligned
ferromagnetically with the Eu 4f spins due to the proximity
effect. Furthermore, dispersive spin-polarized contributions to
the 2DEG between —0.3 eV and Ef are observed both in the
interface and the neighboring deeper layer. In contrast, the
spin polarization is nearly quenched in the case of 1 ML
EuO on STO(001), the localized in-gap states lying closer
to the Fermi level appear in both spin channels, thus their
contributions cancel out.
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FIG. 6. DFT + U spin-resolved electronic band structure of (a)
2 ML EuO on STO(001) and (b) 1 ML EuO on STO(001) along
I' — X direction. Red/blue denotes majority/minority bands.

The spin-resolved band structure of 2 and 1 ML EuO on
STO(001) presented in Figs. 6(a) and 6(b) shows significant
differences in the two cases. The dispersive majority bands of
dyy character reach much deeper below the Fermi level (up to
—0.35eV) for 2 ML EuO on STO(001) than for 1 ML EuO
on STO(001) (—0.23 eV). Moreover, the exchange splitting is
one order of magnitude larger in the former case. In the latter
case the localized band in the majority channel lies 0.1eV
lower than in the minority channel. Overall, the band structure
confirms the much more robust spin polarization for 2 ML
than for 1 ML EuO on STO(001), consistent with experiment.

Figure 7 shows the direct comparison of experimental and
theoretical data for the 2 ML case. We find that the parabolic
behavior of the shallow and steep bands are well captured.
However, the corresponding binding energies of theory and
experiment deviate, which we attribute to the insufficient con-

sideration of electron correlation effects.
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-300+
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FIG. 7. Joint representation of experimental MCDAD and cal-
culated spin-polarized band structure for 2 ML EuO/STO. Since
DFT + U does not consider anisotropy and therefore is equivalent
along k, and k,, the experimental data along k, and k, of sum intensity
and MCDAD, respectively, were averaged. An offset was accounted
for by adding a constant value to the MCDAD (&10% of its range),
i.e., by slightly shifting colors from blue to red.

V. DISCUSSION

Our present study addresses the spin polarization of the
redox-created 2DEG at the EuO/STO(001) interface by means
of circular dichroism in ToF-MM and DFT + U calculations.
Both experiment and theory reveal that an EuO film as thin as
2 ML induces a magnetic moment in the thus spin-polarized
2DEG residing at the STO side of the interface. The in-
duced magnetic moment is ferromagnetically aligned with the
magnetization of the EuO overlayer. In contrast, no sizable
MCDAD signal is observed for a single EuO ML, indicat-
ing that spin polarization is absent. This is in line with the
DFT + U calculations, suggesting that the induced Ti mag-
netic moment for a system with a single EuO monolayer is
less than 20% of the magnetic moment induced by 2 ML
EuO. This is supported by previous SQUID (superconducting
quantum interference device) magnetometry measurements
that find that two monolayers EuO on STO are ferromagnetic,
while a single monolayer remains paramagnetic [26].

Increasing the EuO thickness to 4 ML results in the same
characteristics in the photoemission data as observed for 2 ML
although with lower intensity due to stronger scattering of
the photoelectrons from the interface in the now thicker EuO
layer. Experimental evidence for a finite spin polarization of
the EuO/STO interfacial 2DEG for EuO overlayer thicknesses
larger than 2 ML and calculations predicting an even increased
Ti magnetic moment for three instead of two monolayers of
EuO strongly suggest that the threshold EuO thickness for
obtaining spin polarization in the redox-created 2DEG at the
EuO/STO interface is as low as 2 ML.

We assume that at finite temperature the induced Ti mag-
netic moment scales with the size of the Eu magnetic moment.
In a very recent work we showed that a magnetic proximity ef-
fect at 3d ferromagnet/EuO interfaces enhances the magnetic
order in EuO effectively in the 2D limit [31]. We therefore
believe that the degree of spin polarization of the 2DEG at the
EuO/STO interface can be significantly enhanced by deposit-
ing a 3d ferromagnet overlayer on top of the few monolayer
thin EuO on STO.

In summary, we studied the spin polarization of the redox-
created 2DEG at the EuO/STO(001) interface by circular
dichroism in ToF-MM and DFT + U calculations. We found
that the 2DEG is significantly spin polarized due to the prox-
imity to the ferromagnetic EuO overlayer. The threshold EuO
thickness for inducing spin polarization is as low as 2 ML.
Since the magnetic order of EuO can be enhanced further by
other proximity effects, the EuO/STO(001) interface turns out
to serve as an ideal template for creating (multi-)functional
spin-polarized 2DEGs for application in oxide electronics.
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