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Using molecular-beam epitaxy, we demonstrate the adsorption-controlled growth of epitaxial EuO
films on single crystalline 共110兲 YAlO3 substrates. Four-circle x-ray diffraction 共XRD兲 reveals
phase-pure, epitaxial, 共001兲-oriented films with rocking curve full width at half maxima as narrow
as 34 arc sec 共0.0097°兲. The critical thickness for the onset of relaxation of 共001兲 EuO on 共110兲
YAlO3 共⬃2% lattice mismatch兲 was determined from XRD measurements to be 382⫾ 25 Å. A
saturation magnetization of 6.96⫾ 0.07B / Eu, a value close to the theoretical limit of 7B / Eu, is
observed. © 2008 American Institute of Physics. 关DOI: 10.1063/1.2973180兴
With a spin polarization exceeding 90% and its ability to
be epitaxially integrated with mainstream long spin lifetime
semiconductors such as silicon and GaN,1 the ferromagnetic
semiconductor EuO is an attractive material for
semiconductor-based spintronic devices. In the ferromagnetic phase 共TC = 69 K兲, the 4f 7 electron configuration of
Eu2+ induces a magnetic moment of 7B per europium
atom.2,3 Additionally, it has outstanding magneto-optical
properties, with a Faraday rotation of 8.5⫻ 105 deg/ cm in a
field of 2 T.4 It shows colossal magnetoresistance5 and, if
appropriately doped, a metal to insulator transition with a
resistance change that exceeds 13 orders of magnitude.6,7
This renders EuO a very attractive material for basic and
device oriented research.
EuO has been studied extensively as a single crystal5–9
and as a thin film,1,3,4,10–14 but as a commensurate, epitaxially
grown thin film, there is much to be understood about its
behavior and films with high structural quality have not, until
now, been fabricated. In this letter, we demonstrate the commensurate, epitaxial growth of EuO by molecular-beam epitaxy 共MBE兲 in an adsorption-controlled regime and discuss
its crystalline quality, the onset of film relaxation of strained
EuO, and finally its magnetic properties.
Although the growth of epitaxial EuO films dates back
over 30 years,15 its formation is still a difficult balancing act
between the europium and oxygen fluxes to avoid the formation of europium metal on the oxygen-poor side and Eu3O4
or Eu2O3 on the oxygen-rich side. The traditional approach
to the growth of stoichiometric EuO is to try to precisely
match the europium and oxygen fluxes. To avoid flux matching altogether, the use of an adsorption-controlled growth
regime has been suggested16 and strong indications of its
existence have been reported.3 Here we prove the existence
of an adsorption-controlled growth regime for EuO. By heating the substrate to temperatures high enough to evaporate
unoxidized europium metal, the deposition of EuO can be
controlled solely by oxygen flux. This way, all available oxygen reacts to form EuO and the excess europium evaporates
leaving pure stoichiometric EuO.
The films were grown in a Veeco 930 MBE system
共described elsewhere17兲 with a base pressure of less than
a兲
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2 ⫻ 10−9 Torr. We used single crystalline YAlO3 substrates
oriented within ⫾0.5° of 共110兲. 共110兲 YAlO3 has a rectilinear
surface net with in-plane lattice constants of 7.431 Å along
关11̄0兴 and 7.371 Å along 关001兴.18 As depicted in Fig. 1,
共001兲 EuO grows with its unit cell rotated in-plane by 45°
with respect to the 共110兲 YAlO3 surface net. This provides a
linear lattice mismatch of 2.2% for 关110兴EuO 储 关11̄0兴YAlO3
and 1.4% for 关11̄0兴EuO 储 关001兴YAlO3.1
EuO films were deposited with O2 partial pressures
共PO2兲 ranging from 2.5⫻ 10−10 to 1 ⫻ 10−8 Torr above the
background pressure. The substrate temperature 共Tsub兲 was
approximately 590 ° C for all growths, significantly higher
than the Tsub ⬃ 300 ° C typically used for the epitaxial growth
of EuO.1,11,15,19 By choosing a substrate temperature comparable to the temperature of the europium source supplying
the europium flux, excess europium metal is readily desorbed
from the growing film. The incident europium flux was measured using a quartz crystal microbalance and was adjusted
to 1.1⫻ 1014 Eu atoms/ cm2 s. A main shutter directly in
front of the substrate was opened to initiate growth only after
a steady-state oxygen background partial pressure was
achieved with the europium source shutter open. The
growths were ended 30 min later by simultaneously closing

FIG. 1. 共Color online兲 Crystal structure of 共001兲 EuO epitaxially grown on
共110兲 YAlO3 depicting the 45° rotation of the EuO unit cell 共above兲 with
respect to the pseudocubic YAlO3 lattice 共below兲.
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FIG. 3. 共Color online兲 Each film was grown at approximately 590 ° C for 30
minutes in the absorption-controlled regime with a europium flux of 1.1
⫻ 1014 Eu atoms/ cm2 s. Below roughly 2.5⫻ 10−9 Torr, the EuO films remain phase pure and additional oxygen reacts with excess europium, increasing the growth rate. At roughly 2.5⫻ 10−9 Torr, the europium and
oxygen fluxes are matched and increasing PO2 results in the formation of
impurity phases 共first Eu3O4 and then Eu2O3兲 containing higher oxidation
states of europium.

mensurate, and oriented with 共001兲EuO 储 共110兲YAlO3 and
关110兴EuO 储 关001兴YAlO3.
FIG. 2. 共Color online兲 XRD scans from a 356⫾ 4 Å thick EuO film grown
If the film is growing in an adsorption-controlled regime,
on 共110兲 YAlO3 at approximately 590 ° C and 1 ⫻ 10−9 Torr PO2. 共a兲 -2
all
incident,
unreacted europium desorbs from the film surscan. 共b兲 Azimuthal  scan of the 111 EuO diffraction peaks at  = 54.7°.
face.
RHEED
and XRD were used to show that in the ab = 0° aligns the diffraction vector to be perpendicular to the plane of the
sence of oxygen at Tsub ⬃ 590 ° C the incident europium desubstrate.  = 0° corresponds to the in-plane component of the diffraction
vector aligned parallel to the 关001兴 direction of the 共110兲 YAlO3 substrate.
sorbs from the substrate. RHEED imaging of a bare YAlO3
Together, these XRD scans show that the EuO film is epitaxial, commensusubstrate at growth temperature appeared identical before
rate, and oriented with 关001兴EuO 储 关110兴YAlO3 and 关110兴EuO 储 关001兴YAlO3.
and after exposing it to a europium flux in the absence of
oxygen. The sample was capped with silicon and the absence
of a europium metal film was confirmed by XRD.
the europium source shutter and piezoelectric oxygen valve.
EuO films were grown in differing background partial
After allowing the substrate to cool in ultrahigh vacuum, a
pressures
of oxygen and their europium content was deter10 nm thick capping layer of amorphous silicon was deposmined
using
Rutherford backscattering spectrometry 共RBS兲.
13
2
ited at a rate of 1 ⫻ 10 Si atoms/ cm s to protect the EuO
1
Using
the
density
of crystalline EuO, this RBS atomic covfilm from oxidation upon exposure to air. The crystal
erage
was
converted
to film thickness. As shown in Fig. 3, as
growth was monitored in situ using reflection high-energy
used
during
growth
increases, so does the film thickthe
P
O
electron diffraction 共RHEED兲 and ex situ using x-ray diffrac2
ness, indicating a faster growth rate. The observed depention 共XRD兲.
dence of film thickness on the oxygen partial pressure 共oxyFigure 2 shows XRD data from a 356⫾ 4 Å thick 共001兲gen flux兲 is a hallmark of adsorption-controlled growth. For
oriented EuO film grown on 共110兲 YAlO3 at approximately
−9
films grown with PO2 higher than 2 ⫻ 10−9 Torr, where the
590 ° C and PO2 = 1 ⫻ 10 Torr. The -2 XRD pattern
oxygen flux becomes greater than the europium flux, the
关Fig. 2共a兲兴 shows that the film is single phase. The azimuthal
growth rate saturates, and higher oxidation states 共first Eu3O4
 scan of the 111 EuO peaks 关Fig. 2共b兲兴 exhibits four peaks,
and then Eu2O3兲 begin to form.
corroborating the in-plane orientation relationship shown in
Thin, epitaxial EuO films are strained in tension due to
Fig. 1 and demonstrating that the film is untwined. The inthe
mismatch
between the substrate and film, while thicker
plane lattice spacings of this EuO film were determined from
films
begin
to
relax. The film relaxation is accompanied by
the 2 positions of these 111 EuO peaks in combination with
dislocation
and
defect formation that results in broadening of
that of the 002 out-of plane EuO peak. Due to the distortion
the
films’
rocking
curves. To establish the critical thickness
of the EuO film by the rectilinear surface net of the 共110兲
where film relaxation begins to occur, single phase EuO
YAlO3 substrate 共with dimensions 7.431 Å along 关11̄0兴
films were grown in the adsorption-controlled regime 共Tsub
YAlO3 and 7.371 Å along 关001兴 YAlO3¸ which were con= 590 ° C and PO2 = 1 ⫻ 10−9 Torr兲 and changes in their rockfirmed by XRD on these substrates兲, the 关110兴 and 关11̄0兴
ing curves versus their thicknesses were noted.
in-plane EuO vectors remain perpendicular but are no longer
Rocking curves from the 002 EuO peaks of films with
of equal length. The measured spacings of the EuO surface
different thicknesses and the 220 peak of a YAlO3 substrate
are shown in Fig. 4共a兲. Rocking curves were obtained with 
net were 7.43⫾ 0.07 Å along 关11̄0兴 EuO and 7.37⫾ 0.07 Å
aligned such that the in-plane component of the diffraction
along 关110兴 EuO. The out-of-plane lattice spacing at room
vector is parallel to one of the four 具100典-type EuO in-plane
temperature was 5.05⫾ 0.08 Å, which is in agreement with
directions that are equally strained. Films grown thinner than
the value calculated using the in-plane strain and the elastic
the thickness at which relaxation begins under these growth
compliance coefficients for EuO at 77 K.20 Together, these
conditions
display
sharp rocking curves with fullDownloaded
width at to IP:
XRDis copyrighted
results show
that this
EuO
filmReuse
is epitaxial,
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FIG. 4. 共Color online兲 共a兲 Rocking curves from the 002 EuO peaks of films
with different thicknesses and the 220 peak of a YAlO3 substrate. Two
superimposed peak shapes near 440 Å indicate film relaxation through misfit dislocations. The peak intensities are normalized and shifted relative to
one another for clarity. 共b兲 FWHM of the 002 EuO film peak as a function
of the film thickness. Narrow FWHMs comparable to that of the 220 peak of
the YAlO3 substrates are maintained for EuO film thicknesses below
⬃380 Å. The FWHM begins to broaden beyond this thickness.

half maximum 共FWHM兲 as narrow as 34 arc sec, which is
comparable to those of the substrates 共12– 34 arc sec兲. Partially relaxed films show the same sharp peaks on top of a
broad background peak originating from the relaxed portion
of the film. As the films grow beyond the onset of relaxation,
the intensity of the broad background peak increases as defects are formed and the intensity of the sharp central peak
decreases as less and less of the film is commensurately
strained. The broad background peak also shifts to higher
values of omega indicating an expansion of the out-of-plane
lattice constant during relaxation. As discussed previously,
the EuO in-plane lattice spacings of a 356⫾ 4 Å thick film
closely matched those of the 共110兲 YAlO3. In contrast, the
in-plane spacings of an 820⫾ 8 Å thick EuO film were determined to be 7.28⫾ 0.03 Å along 关11̄0兴 EuO and
7.28⫾ 0.03 Å along 关110兴 EuO. The out-of-plane lattice
spacing was 5.14⫾ 0.013. Figure 4共b兲 shows the rocking
curve FWHM of the 002 EuO film peak as a function of film
thickness. For d less than 356⫾ 4 Å, the films maintain a
narrow rocking curve. For d greater than 440⫾ 4 Å, the
rocking curve FWHM begins to broaden in a manner consistent with other epitaxial semiconductor and oxide films undergoing relaxation.21–23 From d = 820⫾ 8 Å and beyond, no
commensurate central peak is observed in the rocking
curves. The onset of film relaxation agrees well with the
onset of broadening of the FWHM of the rocking curves.
The magnetic properties of a coherently strained EuO
film were measured using a superconducting quantum interference device. As seen in Fig. 5, the ferromagnetism sets in
at 69 K when cooled without an external magnetic field and
grows to 6.96⫾ 0.07B per Eu atom under a saturating external magnetic field at 5 K. This is consistent with single
crystalline EuO 共Ref. 2兲 and is the highest reported saturated
magnetization for a thin film of EuO.
These films exhibit rocking curve FWHMs approaching
those of the YAlO3 substrates on which they are grown.
High quality films such as these minimize the extrinsic effects arising from defects and will allow the fundamental

FIG. 5. 共Color online兲 Zero-field temperature dependence of the magnetic
moment of a 271⫾ 3 Å thick, commensurately strained EuO film grown on
共110兲 YAlO3. The onset of ferromagnetism occurs at 69 K. At 5 K, the
magnetic hysteresis 共inset兲 shows ferromagnetic behavior with a saturation
magnetization of 6.96⫾ 0.07 B per europium atom, 99.5% of its theoretical maximum.

properties of EuO 共e.g., the dependence of Tc on strain24兲 to
be established.
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