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Redox-controlled epitaxy and magnetism of oxide heterointerfaces: EuO/SrTiO3
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We demonstrate a route to prepare thin films of the ferromagnetic insulator europium monoxide. Key is a
redox-controlled interface reaction between metallic Eu and the substrate SrTiO3 as the supplier of oxygen. The
process allows tuning the electronic, magnetic, and structural properties of the EuO films. Furthermore, we apply
this technique to various oxidic substrates and demonstrate the universality and limits of a redox-controlled EuO
film synthesis.
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I. INTRODUCTION

Oxidic thin films, multilayers, or heterostructures are be-
coming increasingly important in a wide range of cutting-edge
applications [1]. This includes novel field-effect transistors,
spin-, magneto-, and orbitronics, as well as topological oxide
electronics [2–5]. Among the class of magnetic oxides, the
ferromagnetic insulator europium monoxide (EuO) represents
one of the most intriguing functional materials, as it combines
strong local 4 f 7 ferromagnetism with electrical insulation
[6,7]. In that, EuO offers the opportunity to probe quantum
phenomena [8] and can serve as a building block for a
multitude of future spin-based applications such as magnet-
ically gated two-dimensional electron systems with potential
application of the inverse Edelstein effect [9–13].

Oxide synthesis with atomic layer precision requires large
experimental efforts; simultaneously varying the oxide prop-
erties introduces a further challenge. In the particular case
of EuO, the adsorption-limited growth mode has become the
standard approach for thin film growth [14]. This process
is limited in two ways as it can only be applied to inert
substrates and determining the appropriate deposition param-
eters is a complex task [15]. The three parameters substrate
temperature, oxygen gas, and metal fluxes must be controlled
simultaneously.

The idea of the adsorption-limited growth process is to
avoid overoxidation of (metastable but ferromagnetic) EuO
into (stable but paramagnetic) Eu3O4 and Eu2O3. This is
achieved by adjusting the flux ratio to Eu rich and taking
advantage of the temperature-dependent reevaporation, or
“distillation,” of excess Eu metal [16,17].

In view of this laborious process, alternative growth
schemes aim at simplifying experimental procedures. For
instance, in a so-called “topotactic” growth mode, Eu2O3 is
capped by a Ti metal top layer, which causes the oxidation
of Ti to TiO2 and the reduction of Eu2O3 to stoichiomet-
ric EuO [18]. The resulting EuO thickness was restricted
to a few nanometers. This procedure limits the choice of
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overlayer material to titanium and also requires a careful
tuning of the Eu2O3/Ti bilayer thickness for its complete
reduction/oxidation. Moreover, the resulting TiO2 overlayer,
a wide-band insulator, prevents the universal integration of
EuO into functional heterostructures and transport devices.

For the growth of EuO thin films and heterostructures, the
substrate itself is usually not considered as an active part of
the oxide growth process. However, most oxidic substrates
do not act as “passive” templates. Instead, they can cause
undesirable changes in the properties of the overlayer, e.g.,
by oxygen ion diffusion. To avoid chemical interactions on
“active” substrates a buffer layer is often applied in between
substrate and film. Particular to EuO, previous reports found
that adsorption-limited synthesis directly on SrTiO3 is not
possible. The deposition of EuO is made possible by the
application of a SrO or BaO buffer layer [19,20]. The ther-
modynamics at the interface play an important role on the
stoichiometry of the grown film [15].

In this work, we present a conceptionally reverse approach.
A redox reaction between a metallic reactant, Eu, and an ox-
idic substrate, SrTiO3(001), determines the stoichiometry of
the growing Eu-oxide overlayer—without supplying gaseous
oxygen during synthesis. The temperature dependence of the
conductivity for ionic oxygen is used to control both the final
thickness and the stoichiometry of the redox-grown EuO film.

Our route for EuO synthesis allows one to carefully con-
trol the chemical, magnetic, and structural properties of the
Eu oxides and thereby enhances the possibilities of oxide
heterostructure preparation by a simple, effective bottom-up
approach. Contrary to results, where substrate-related oxy-
gen transfer is negligible [17], we apply this technique to
various oxidic substrates and demonstrate the universality
of this redox-controlled EuO film synthesis. We believe the
technique can be easily generalized to the design of other
functional oxides thin films, interfaces, and heterostructures.

II. EXPERIMENTAL DETAILS

For the investigation of the redox growth of EuO
on SrTiO3(001) without additional oxygen gas we have
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developed a stepwise deposition method. As substrate we
employed Nb:SrTiO3(001) and pure Eu metal was evaporated
from a Knudsen cell in an ultrahigh-vacuum molecular beam
epitaxy system. Further details are given in the Supplemental
Material [21]. Deposition steps of pure Eu metal alternate
with in situ structure analysis [reflection high-energy elec-
tron diffraction (RHEED), and low-energy electron diffraction
(LEED)] and chemical analysis [x-ray photoelectron spec-
troscopy (XPS)]. The stepwise deposition was carried out
such that the total deposition time was stopped to enable
analysis at the times t = (1, 2, 5, 10, 20, and 60) min. Be-
tween two deposition steps, the sample is cooled from TP

to room temperature for analysis. This procedure is repeated
for different substrate temperatures. In this way, a chemical
and structural growth profile of europium oxide on SrTiO3 is
obtained depending on the deposition time t and temperature
TP as determined from the pyrometer (see [21]).

In situ XPS is conducted on Ti 2p and Eu 3d core levels
with a PHOIBOS-100 hemispherical energy analyzer using
Al Kα radiation from an x-ray anode (SPECS).

We characterize the structure ex situ with x-ray diffraction
(XRD), x-ray reflection (XRR), and reciprocal space map-
ping (RSM). Magnetic properties are analyzed with vibrating
sample magnetometry and a magnetic property measurement
system (see Supplemental Material [21]).

III. RESULTS

Our study combines the redox-driven EuO synthesis with
a chemical and structural in situ (XPS, LEED, RHEED) and
magnetic and structural ex situ (SQUID, XRD, XRR, RSM)
analysis.

First, we acquire reference spectra of the Eu 3d5/2 core
level [Fig. 1(a)] as a function of the valence of the Eu cations.
As reference systems, we prepare films of pure phases (d =
10 nm) of Eu0 (Eu metal), Eu2+ (EuO), and Eu3+ (Eu2O3; see
Supplemental Material [21]). The Eu 3d5/2 peak of divalent
Eu2+ is located at EB = 1125 eV [15,22,23]. This peak is
accompanied by a satellite peak (S) at higher binding energy,
which is part of the multiplet of the 3d9 4 f 7 final state [23].
Eu metal is observed at the same binding energy. In order
to clearly distinguish the reference spectra of metallic Eu
from the divalent state, we use the Doniach-Sunjic inelastic
background, which is only present in metallic samples. At
EB = 1135 eV the Eu 3d5/2 peak is detected for trivalent Eu3+.
At EB = 1125 eV an x-ray satellite from the trivalent Eu 3d5/2

is observed as a consequence of using nonmonochromatized
Al x rays.

The sensitivity of the Doniach-Sunjic background shape
as a measure for metallic Eu0 is demonstrated by compar-
ing a stoichiometric EuO film on yttria-stabilized zirconia
[YSZ(001)] with d ≈ 2 Å Eu metal deposited on a Cu(001)
single crystal. The Doniach-Sunjic inelastic background for
this sample is clearly observed [Fig. 1(b)], showing that even
monolayers of Eu metal can be detected by this principle.

Knowing the reference spectra, we analyze in detail the
redox growth of EuO/SrTiO3 at two exemplary temperatures,
one being below the reevaporation temperature of the distil-
lation process and one above that temperature. For the first
5 min of deposition at TP = 250 ◦C mainly intensity from

FIG. 1. Top: (a) Reference spectra of metallic, di- and trivalent
Eu, EuO, and Eu2O3 films, respectively, obtained on the Eu 3d5/2

core level. (b) Comparison of stoichiometric EuO and d ≈ 2 Å Eu
metal on a metallic substrate. Bottom: XPS analysis of the Eu
3d5/2 for a stepwise EuO redox growth below (c) and above (d) the
reevaporation temperature of Eu. For t � 5 min metal inclusions are
observed, while at elevated temperature a decreasing Eu3+ content is
present.

Eu2+ species are observed [Fig. 1(c)]. Less than 10% of
Eu3+ is detected and the Eu3+ content reduces over time.
However, for t > 5 min we observe Doniach-Sunjic inelastic
background, indicating Eu metal inclusions in the film. Fur-
ther deposition leads to an increase in background and indi-
cates Eu0. We conclude, that only a small amount of EuO is
formed at this temperature for the initial growth. For extended
growth the Eu metal inclusions turn the stoichiometry to
Eu-rich.

Next, we study a stepwise Eu deposition at TP = 500 ◦C
[Fig. 1(d)]. For t = 1 min, we observe a spectrum with a
mixture of Eu2+ (85%) and Eu3+ (15%) components, while
contributions of Eu metal are absent. For continued growth the
spectral weight from Eu3+ decreases (1% at t = 20 min). Al-
ready for t > 5 min, we find that the XPS spectra of adsorbed
Eu metal are nearly indistinguishable from stoichiometric
EuO reference data [compare Fig. 1(a)]. This demonstrates
that the Eu metal is oxidized into a Eu2+-rich (Eu2+, Eu3+)
mixture at the SrTiO3 interface. For extended growth only
stoichiometric EuO (Eu2+) is observed.

In the following, the stoichiometry of the grown film is
quantified by fitting a linear combination of the reference
spectra to the observed Eu 3d5/2 spectra. First, we discuss the
Eu metal content of the grown films [Fig. 2(a)]. In addition
to the findings presented for TP = 250 ◦C, we find for TP �
350 ◦C no Eu0 metal in the spectra. We conclude that now
Eu reevaporation is a dominant process, which is in line with
previous reports utilizing the adsorption limited growth mode
on YSZ [16].
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FIG. 2. Chemical quantification of the Eu 3d5/2 core level for
metallic Eu0 (a) and overoxidized Eu3+ (b) content as a function of
t and TP. (c) Exponential thickness dependence exemplary shown
for a sample grown at TP = 500 ◦C. (d) A reduction in d0 and τ

is observed at t � 700 ◦C at the same temperature where a Eu3+-
rich growth is observed. (e) We summarize the findings in a block
diagram depicting the overall trend of the resulting film thickness
and stoichiometry as a function of TP.

We observe an exponential decay of the Eu3+ frac-
tion with t for films prepared at TP = 250 ◦C, 350 ◦C,

400 ◦C, and 500 ◦C [Fig. 2(b)]. The Beer-Lambert law pre-
dicts an exponential decay of the intensity for the case of a
buried layer with the growth overlayer thickness. Therefore,
we argue that only the interface is responsible for the Eu3+

formation. It is also noted, that the Eu3+ content is higher at
t = 1 min for increasing TP. Yet, the total amount of Eu3+ is
below one monolayer of Eu2O3, which is a negligible amount
for extended film growth (TP = 500 ◦C). For TP = 600 ◦C,
the Eu3+ content increases with t in the initial growth phase
(t � 5 min). For the extended growth (t � 5 min) the content
of Eu3+ decreases again and at t = 20 min only Eu2+ is found
in the spectrum. Increasing the temperature further to 700 ◦C,
and 800 ◦C, the content of Eu3+ increases monotonically with
time and no EuO growth phase is observed. Therefore, redox
growth for stoichiometric EuO on SrTiO3 is possible only in
the range TP = 350–600 ◦C.
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FIG. 3. In situ structure determination by LEED of the
SrTiO3(001) substrate (a) and the redox-grown EuO film (b). We
observe a 45◦ rotation of the EuO basis. (c)–(e) RHEED as a function
of time shows a weak island growth mode and (f)–(h) structural tran-
sitions as a function of TP from Eu0 to Eu2+ and Eu3+, respectively.
The RHEED beam is parallel to SrTiO3(110) using 20 keV electrons.

A. Thickness dependence

Exemplary shown for a sample grown at T = 500 ◦C, we
find the temporal dependence of the thickness, d (t ) (see
Supplemental Material [21]), to follow an exponential law
of the form d (t ) = d0[1 − exp(−t/τ )] [Fig. 2(c)]. Here d0

is the final thickness and τ is the time constant. We apply
this model to all samples [Fig. 2(d)] and find that both d0

and τ increase monotonically for T � 600 ◦C. Above this
temperature a significant reduction is observed for both d0

and τ , simultaneous to the transition to Eu3+-rich growth as
observed in the chemical analysis.

We find that EuO-rich films (i.e., 350 ◦C � TP � 600 ◦C)
can be grown with up to d = 25 nm and τ = 25 min. The fact
that the time constants are in the range of many minutes allows
a precise control of the film thickness by stopping the growth
at a suitable time. The resulting chemical composition and
thickness are compiled in a block diagram as a function of
temperature [Fig. 2(e)].

B. Structural profile

For the in situ stuctural analysis we first present LEED
[Fig. 3(a)] for the SrTiO3 substrate. We observe clear and
sharp reflexes. The LEED pattern is fourfold symmetric,
reflecting the symmetry of the perovskite lattice. Indicated by
blue arrows is the basis of the reciprocal lattice. The EuO film
[TP = 600 ◦C, Fig. 3(b)] is well ordered and exhibits LEED
reflexes, with a basis rotated by 45◦ to that of SrTiO3; the
epitaxial relationship is EuO(110)/SrTiO3(100). The LEED
reflexes are wider indicating a small degree of mosaicity.

In Figs. 3(c)–3(e) we show RHEED of the substrate and Eu
deposition for t = 3min and t = 20min at TP = 600 ◦C. The
substrate shows RHEED streaks and two sharp spots on the
Laue circle, indicating a flat and well-oriented substrate. At
3 min Eu deposition we observe RHEED streaks and a weak
transmission pattern. For continued growth the transmission
pattern dominates the RHEED reflexes, indicating an island
type growth mode.
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FIG. 4. Ex situ x-ray analysis of a sample grown at 600 ◦C.
The reciprocal space map (a) shows the SrTiO3(113) and EuO(204)
peak in close proximity, a consequence of the epitaxial relation of
EuO(110)/SrTiO3(100). The x-ray reflectometry shows that the film
has a low roughness of 1.32 nm (b).

The RHEED reflexes as a function of TP = (250, 600,

and 800) ◦C are shown in Figs. 3(f)–3(h). For Eu-rich growth
at 250 ◦C we observe the hexagonal RHEED reflexes of the
Eu-metal crystal. At elevated temperature the expected EuO-
related reflexes dominate the RHEED pattern, as described
above. Finally at TP = 800 ◦C the structure shows the much
bigger unit cell, and therefore shorter distances between
RHEED reflexes, of the cubic Eu2O3 crystal and a complex
transmission pattern.

In conclusion, we observe clear structural transitions that
are perfectly in line with the results from the chemical analysis
by XPS. The EuO films grow by a redox-driven process
epitaxially and are, except for a small surface roughness, flat.

In Fig. 4(a), we show the ex situ x-ray analysis, starting
with a RSM of a sample grown at TP = 600 ◦C. The Bragg
peaks from the SrTiO3(113) and the EuO(204) peak are
shown. The simultaneous observation of both reflexes is in
line with the expected rotation of both lattices EuO(110) ‖
SrTiO3(100), since the reflexes would otherwise be observed
at an angle of 45 ◦. The EuO(204) reflex has a rocking curve
width of δω = 1.1◦ in line with the widened LEED reflexes.
We calculate the lattice parameters for the in-plane and out-
of-plane lattice constants and find that both SrTiO3 and EuO
(aSrTiO3 = 3.901 Å and aEuO = 5.14 Å) are close to the litera-
ture values (aSrTiO3 = 3.905 Å and aEuO = 5.14 Å [24]).

In Fig. 4(b), we depict the corresponding XRR curve and
a fit to the measured data points using the Parrat formalism.
The grown film exhibits a total thickness of d = 16.7 nm,
while the roughness is a = 1.3 nm. Hence we conclude that
the redox-growth process produces well-oriented, i.e., 45◦ ro-
tated, EuO films on SrTiO3 with a small degree of roughness.

C. Magnetic properties

The magnetic properties of samples grown at TP = 250–
800 ◦C are depicted in Fig. 5(a) as hysteresis loops and as
a function of temperature M(T ) in Fig. 5(b). The hysteresis
loops are shown in absolute values, allowing a direct compar-
ison of the total moment of the grown film. Since EuO is the
only ferromagnetic component in the stack, it is expected that
the saturation magnetization MS is proportional to the EuO
thickness. Eu metal and Eu2O3 exhibit small paramagnetic
moments only. In the chemical analysis we showed that the

FIG. 5. Magnetic properties of a temperature series of redox-
grown Eu-oxide thin films on SrTiO3 as (a) a function of applied
magnetic field and (b) temperature. EuO-rich films, as found in the
chemical analysis, exhibit a hysteresis, while high Eu3+ contents
lead to paramagnetism. The inclusion of Eu0 as seen at TP = 250 ◦C
causes a magnetic tail in the temperature dependence. The normal-
ized magnetic moment hysteresis (c) shows MS close to the bulk
value of pure EuO (TP = 600 ◦C).

EuO content and the thickness both depend on TP in a com-
plex manner. Consequently, the magnetic analysis cannot be
expected to follow a simple linear temperature dependence.

All M(H ) curves of TP = (350, 400, 500, and 600)◦C
increase monotonically in MS , while the coercive field, HC ,
decreases simultaneously. Unordered and thin films are gener-
ally considered to cause an increase of the coercive field [25].
This finding suggest, that the amount of ferromagnetic EuO
increases as a function of the temperature and forms a more
ordered lattice at higher temperatures.

The samples grown at TP = (700 and 800) ◦C exhibit no
hysteresis, which is in line with the chemical analysis that re-
veals a Eu2O3-rich (and therefore paramagnetic) composition.

The temperature dependence of the normalized magnetic
moment is shown in Fig. 5(b). We find for the samples
grown at TP = 350–600 ◦C a Brillouin-like shape that closely
follows a simulation with a Curie temperature of TC = 69 K,
the literature value for EuO [26]. Significant deviations are
observed for samples grown at high temperature, where a
paramagnetic behavior is measured and for TP = 250 ◦C,
where a pronounced metallic tail indicates the presence of
Eu-metal ions included in a EuO film [27,28].

In Fig. 5(c) we depict the normalized hysteresis curve
of one film grown at TP = 600 ◦C. The saturation moment
of MS = 6.73 ± 0.03(stat) ± 0.33(sys)μB/f.u. is close to the
bulk expectation. Due to optically determining the surface
area a systematic error of 5% has to be expected using this
method.
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IV. DISCUSSION

Unlike the classical EuO synthesis processes—for which
oxygen gas is supplied during a reactive molecular beam
epitaxy growth process—here the oxide substrate itself acts
as the supplier of oxygen: The SrTiO3 substrate is reduced
by the presence of Eu while the reactant oxidizes to EuO,
Eu3O4, or Eu2O3. These processes can be assessed with an
Ellingham analysis (see Supplemental Material [21]). Indeed,
we find that at equilibrium the most likely formed oxide is
Eu2O3. However, we observe the formation of EuO in the
intermediate temperature range. We therefore describe the
complex redox growth of EuO/SrTiO3 as an interplay of three
factors: (i) the kinetics of the oxygen anion reservoir from
the substrate, (ii) the kinetics of the Eu metal on the surface
of SrTiO3 (and its concomitant reevaporation), and (iii) the
thermodynamics of the interface reactions.

As seen in Fig. 2(c) the thickness of a redox-grown Eu
oxide film is limited. This is surprising, as a normal diffu-
sion type growth would have led to a d ∝ √

t type behavior
[29,30]. We explain the thickness limit as a consequence of
the insulating properties of the Eu oxides: The O2− ions are
charged and have to cross an insulating film of already grown
Eu oxides. This is well described in the context of a Mott-
Cabrera type growth mode as was also found for the oxidation
of Fe [31,32]. In the Mott-Cabrera type growth, the potential
that the O2− ion is submitted to depends on the thickness of
the film and its ion-related resistivity. This explains the sudden
reduction of d0 and τ at the transition to Eu3+ rich growth in
Fig. 2(d), as the resistance is larger for the higher Eu oxides.
Also, the reevaporation of Eu from the surface can be expected
to be much faster.

V. OUTLOOK

In order to explore the redox-driven growth of EuO
more generally, we study the initial growth (t = 5 min)
at elevated temperatures (TP = 500 ◦C) of Eu(O) on YSZ,
(LaAlO3)0.3(Sr2TaAlO6)0.7 (LSAT), 10 nm SrO grown on
SrTiO3, LaAlO3 (LAO), and MgO and compare it to the
previous results of SrTiO3.

Again we study the Eu 3d5/2 core level, as shown in
Fig. 6(a). In the case for MgO and LAO we observe Eu0

in the film even at this high TP. For SrO and LSAT, we
observe only Eu2+, whereas for MgO and YSZ we even
observe some Eu3+. This is surprising, as preparations on YSZ
are often reported in adsorption-limited growth conditions and
the interfacial oveoxidation is not mentioned [14].

We obtain the film thickness, d (see Supplemental Mate-
rial) for all redox-grown films and compare them to estimates
for the ionic conductivities of the respective oxide substrate
[33–38]. We find that d qualitatively scales with the ionic
conductivities of the underlying substrate [Fig. 6(b)]. We
attribute the high discrepancy between SrO conductivity and
d of redox-grown EuO to the fact that the SrO thin film grown
on a SrTiO3 will have a higher oxygen mobility than a bulk
crystal, due to crystal defects.

From this analysis we are able to differentiate substrates
into active substrates, with a relevant redox process and pas-
sive substrates, where additional oxygen needs to be supplied.

FIG. 6. (a) XPS analysis of the Eu 3d5/2 core level for redox-
grown Eu oxides; (b) calculated thickness d and oxygen ion con-
ductivity σ for a selection of oxides grown at TP = 500 ◦C and
t = 5 min. A qualitative correlation between d and σ is observed.

We find that SrTiO3 is the most active substrate for redox
growth. LAO, SrO thin films, LSAT, and YSZ might pose as
suitable templates for thin films and are expected to lead to
thinner EuO overlayers than would be expected for SrTiO3,
while MgO and LAO act as passive substrates.

VI. CONCLUSIONS

In summary, we report a novel route for the synthesis of
stoichiometric and single-crystalline EuO films without sup-
plying gaseous oxygen. Instead, utilizing the oxidic substrate
as a source of oxygen is the key to a reliable and simplified
preparation scheme. We have identified the parameter window
in which EuO can be grown on SrTiO3(001) and reduce the
complexity of the typically applied distillation growth mode.

The prepared films show the expected chemical, struc-
tural, and magnetic properties of stoichiometric EuO in the
temperature range TP = 350–600 ◦C. By changing the growth
temperature, the total thickness of the EuO film can be varied
from 9 to 25 nm for t = 60 min, and by stopping the growth
earlier the thickness can be varied freely. Thus the redox-
driven EuO growth method allows one to prepare thicker films
compared to a topotactic synthesis mechanism. All redox-
grown EuO films grown in the suitable parameter window ex-
hibit bulk ferromagnetic properties with no metal inclusions.
With regard to the structural properties, we have observed
flat and well-oriented films with the epitaxial relationship of
EuO(110) ‖ SrTiO3(100).

Finally, we demonstrate that the redox-driven EuO growth
scheme can be successfully applied not only to SrTiO3, but
also to other oxide substrates. We believe, that the universality
of a redox-controlled oxide thin-film synthesis may also open
up exciting perspectives for other topical oxide materials and
their integration into complex oxide heterostructures.
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