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We report the epitaxial integration of phase-pure EuO on both single-crystal diamond and on
epitaxial diamond films grown on silicon utilizing reactive molecular-beam epitaxy. The epitaxial
orientation relationship is (001) EuO || (001) diamond and [110] EuO || [100] diamond. The EuO
layer is nominally unstrained and ferromagnetic with a transition temperature of 68 = 2K and a
saturation magnetization of 5.5 = 0.1 Bohr magnetons per europium ion on the single-crystal
diamond, and a transition temperature of 67 = 2 K and a saturation magnetization of 2.1 = 0.1 Bohr
magnetons per europium ion on the epitaxial diamond film. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4833550]

Diamond has many desirable properties including high
breakdown strength and unparalleled thermal conductivity.'
This makes it a promising substrate for high power and high
frequency applications. Furthermore, diamond doped with
nitrogen contains nitrogen-vacancy impurity centers capable
of accommodating a long-lived electron spin state, which
can be optically excited as well as optically read-out.” As a
result, diamond is capable of single-photon emissions from a
specific spin state, making it a compelling platform for solid-
state spin-based electronics at room temperature.

Integrating this multipurpose substrate with functional
oxide materials is a natural next step, as it can take advant-
age of the full range of properties found in oxide materials,
e.g., high dielectric constant, ferroelectricity, ferromagnet-
ism, and even oxides that are simultaneously ferroelectric
and ferromagnetic.’ To date oxide materials have been mini-
mally integrated with diamond for use in surface acoustic
wave devices,*® or as a buffer layer for other oxide materi-
als.” There has only been one report of the epitaxial growth
of an oxide on diamond and that is (0001) ZnO on (111) dia-
mond.* In this Letter, we demonstrate the epitaxial integra-
tion of the ferromagnet EuO with (001) diamond single
crystals and with epitaxial (001) diamond films on silicon.

Europium oxide (EuO) is a ferromagnetic semiconductor
with a spin-polarization of at least 96%,*” giving it the second
highest spin-polarization of all known materials after CrO,.'?
Furthermore, doped EuO has a metal-to-insulator transition
(MIT) involving a change in resistivity of up to 13 orders of
magnitude'' and exhibits colossal magneto-resistance (CMR)
up to 6 orders of magnitude.'> The MIT and CMR occur
around the Curie temperature (7c), which is 69K in bulk
EuO."? T¢ can be enhanced dramatically by doping with triva-
lent cations®'*2! or by introducing oxygen vacancies

YAuthor to whom correspondence should be addressed. Electronic mail
schlom@-cornell.edu

0003-6951/2013/103(22)/222402/5/$30.00

103, 222402-1

(EuOl,X).zz’25 Theorists predict that a Tc of ~200K is possi-
ble by combining doping and compressive strain.*®

The epitaxial integration of EuO with modern semicon-
ductor materials, i.e., Si,S’27 GaN,8 and GaAs®® has already
been demonstrated. The lattice mismatch between (001) dia-
mond and (001) EuO (~2%) corresponds to cube-on-cube
growth where the EuO grows 45° rotated in-plane compared
to the underlying diamond substrate. The diamond surface
mesh is illustrated in the top left of Fig. 1, and the arrange-
ment of EuO on diamond resulting in the ~2% lattice mis-
match is illustrated in the top right of Fig. 1. This relatively
small lattice mismatch compares favorably to the lattice mis-
match between EuO and Si, GaN, or GaAs. As the lattice
constant of diamond is smaller than that of EuO, a commen-
surate EuO film on diamond (if it could be achieved) would
be in biaxial compression and an enhancement of T from
69K to ~80K would be expected in undoped EuO from
first-principles calculations.”” Thus, the epitaxial integration
of EuO with diamond could potentially result in coherently
strained EuO films exhibiting a higher 7 than epitaxial EuO
films grown on $i.8?7 GaN.? and GaAs,28 while still allow-
ing favorable substrate qualities such as long spin lifetimes
for injected electrons™ or a long-lived electron spin state.”

10mm X 10mm epitaxial (001)-oriented diamond films
were grown by CVD on (001) Si utilizing iridium metal and
yttria-stabilized zirconia (YSZ) buffer layers;>' 5mm x 5mm
x I mm diamond single crystals grown by CVD with (001)
surfaces were obtained commercially.** The EuO thin films on
the epitaxial diamond films were grown in a Veeco 930
molecular-beam epitaxy (MBE) system, and the EuO thin
films on single-crystal diamond were grown in a Veeco Genl10
MBE system. A cryoshroud cooled with liquid nitrogen was
employed in both MBE chambers to reduce the chamber back-
ground pressure to less than 1 X 10~® Torr. EuO films on both
types of (001) diamond substrates were grown via reactive ox-
ide MBE in an adsorption-controlled growth regime® to
ensure high crystalline quality and stoichiometric films. The

© 2013 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4833550
http://dx.doi.org/10.1063/1.4833550
mailto:schlom@cornell.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4833550&domain=pdf&date_stamp=2013-11-25

222402-2 Melville et al.

¢em- Carbon
B Europium
® Oxygen

(001) Diamond (001) EuO
Y _

(111) EuO

FIG. 1. Diagram showing the epitaxial orientation relationship between the
surface mesh of the (001) EuO film and underlying (001) diamond substrate.
The top left image is the diamond surface mesh with two unit cells high-
lighted. The top right image corresponds to the epitaxial alignment of EuO
on diamond corresponding to ~2% lattice mismatch, with two EuO unit cells
highlighted. This orientation relationship is (001)[110] EuO || (001)[100] dia-
mond and corresponds to a 6o 1: Ggiamona 2 interface. The bottom image
corresponds to the epitaxial alignment of EuO on diamond with less strain,
but with a near-coincident site lattice, with four EuO unit cells highlighted.
Here, the epitaxial alignment is (111)[011] EuO || (001)[010] diamond. This
corresponds to a 0,0 4: Ggiamona 7 interface.

europium flux, measured by a quartz crystal microbalance,
was set to 1.1 x 10" atoms/(cm?®s). This flux was roughly
double that of the EuO film growth rate, as determined by
measuring the areal density of europium atoms in calibration
EuO samples using Rutherford backscattering spectrometry
(RBS), ensuring an overabundance of europium during
growth. Under such conditions, the EuO growth rate is limited
by the oxygen flux.*> The oxygen flux was established by
flowing oxygen through a piezoelectric leak valve set at a con-
stant voltage. This resulted in a slight increase in the back-
ground pressure during growth that increased gradually over
time, but was never more than 1 x 10 ® Torr. After growth,
the films were capped with ~100nm of aluminum or ~20nm
of amorphous silicon to prevent further oxidation of the EuO
films and enable their ex situ characterization. Structural char-
acterization was performed after growth using four-circle
X-ray diffraction (XRD) and X-ray reflectivity utilizing Cu K,
radiation. Magnetic properties and the Curie temperature were
determined using superconducting quantum interference de-
vice (SQUID) magnetometry.

For the growth of EuO on epitaxial diamond films with
a diamond surface mesh as shown in the upper left of
Fig. 1, the EuO grew with two epitaxial orientations under
growth conditions similar to those used to grow high-
quality EuO on YAIO; (T=590°C).*>* The dominant
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orientation as determined by XRD measurements was (111)
EuO || (001) diamond with [011] EuO || [010] diamond as
illustrated in the bottom image of Fig. 1, and the secondary
orientation was (001) EuO || (001) diamond also with [110]
EuO || [100] diamond as illustrated in the top right image of
Fig. 1.

The optimal growth conditions for growing (001)-ori-
ented EuO on epitaxial diamond films was achieved by first
growing two monolayers to establish the orientation at lower
growth temperatures (350 °C < T <400 °C). Once the orien-
tation was seeded, the growth temperature was ramped up to
650 °C (while continuing growth) for better crystallinity. In
this case, only the orientation relationship (001)[110] EuO ||
(001)[100] diamond was found as illustrated in the top right
of Fig. 1. This relatively low starting temperature was estab-
lished as the lower limit of the adsorption-controlled growth
regime by depositing europium in the absence of oxygen on
a hot substrate for an hour and confirming absence of an
accumulation layer of europium by RBS.

For the growth of EuO on the single-crystal diamond, the
EuO also grew with two epitaxial orientations with a domi-
nant orientation as determined by XRD measurements of
(111) EuO || (001) diamond with [011] EuO || [010] diamond
under the adsorption-controlled growth conditions similar to
those used to grow high-quality (001) EuO on (110) YAIO;
(T=590°C).*® In contrast to growths on the epitaxial dia-
mond films, however, films grown at lower growth tempera-
tures (T'<590°C) on single-crystal diamonds were almost
exclusively composed of the epitaxial orientation of (111)
EuO || (001) diamond with [011] EuO || [010] diamond. The
optimal growth conditions for growing (001) EuO on
single-crystal diamond was to grow at higher growth tempera-
tures (T=760°C), where only the orientation relationship
(001)[110] EuO || (001)[100] diamond was found.

The difference in EuO growth conditions could be related
to differences in structural perfection of the epitaxial diamond
film vs. single-crystal diamond (diamond film 004 peak full
width at half-maximum (FWHM) of 0.2° as compared to the
single-crystal diamond 004 peak FWHM of 0.005°) or the dif-
ference in surface roughness (Rrys(diamond film) = 13.3 nm
as compared to Rgys(single-crystal diamond) = 1 nm).

Epitaxial orientation relationships that change with
growth temperature have been seen in other oxide systems,
e.g., in the epitaxial growth of YBa,Ca;0;_5 on YSZ.3*3¢ In
that system the out-of-plane orientation relationship, (001)
YBa,Cu;0; || (001) YSZ, was found to remain constant,
while the in-plane orientation relationship was observed to
change with growth temperature.*® At low substrate tempera-
ture, the dominant in-plane epitaxial orientation relationship
observed was [100] YBa,Ca307_s || [100] YSZ while films
deposited at high temperature had [110] YBa,Caz07.5 |
[100] YSZ.*

The (111) EuO || (001) diamond orientation has a slightly
lower mismatch, +1.8% for [211] EuO || [100] diamond and
—2.1% for [011] EuO || [010] diamond, than the expected
(001) EuO || (001) diamond orientation, which has a lattice
mismatch of —2.1% for both [110] EuO || [100] diamond and
[110] EuO || [010] diamond. Although better lattice matched,
the (111) EuO || (001) diamond orientation has a larger near-
coincident site surface mesh cell corresponding to a
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Coincident  Site Lattice/Displacement  Shift Complete
(CSL/DSC) model®” interface of O0Ewo 4. Odiamond / as shown
at the bottom of Fig. 1. And though films with the better
lattice-matched orientation are epitaxial, the (111) EuO is
undesirable, as it contains four distinct in-plane twin variants,
resulting in a multitude of twin boundaries. The (001) EuO ||
(001) diamond orientation is preferred as there is only one
in-plane orientation and the films are free of twin boundaries.
Furthermore, this latter orientation relationship has a coinci-
dent site lattice, corresponding to a CSL/DSC model interface
of 0guo 18 Odiamona 2 as shown at the top right of Fig. 1.

Having established the optimal conditions for the
growth of (001) EuO on both single-crystal diamond and on
epitaxial diamond films, the remainder of the paper will
focus on these (001) EuO films. Reflection high-energy elec-
tron diffraction (RHEED) images were taken of both types
of EuO films. Figures 2(a) and 2(b) show the RHEED images
with the incident electron beam along the [100] and [110]
azimuths, respectively, of (001) EuO on the epitaxial dia-
mond films, and Figs. 2(c) and 2(d) show the RHEED
images along the [100] and [110] azimuths, respectively, of
(001) EuO on the single-crystal diamond. In all four cases,
there is no evidence of other phases or orientations. The
transmission diffraction pattern evident in the (001) EuO on
single-crystal diamond (Figs. 2(c) and 2(d)) suggest that the
film is atomically rough.

The 0-20 scans in Figs. 3(a) and 3(b) reveal only 00/
EuO peaks and capping layer peaks, indicating that the films
are single phase with the desired (001) EuO out-of-plane ori-
entation. From calculations of the out-of-plane lattice constant
expected for a commensurate (2.1% biaxial compression)
EuO film on diamond utilizing the elastic coefficients of
EuO,® we expected an out-of-plane lattice constant of
c=5.188 A as compared to the bulk-value of ¢ =5.141 A%

Nelson-Riley analysis*® on the 002, 004, and 006 EuO
peaks on the epitaxial diamond film, however, yields
¢=5.137 +0.001 A, and Nelson-Riley analysis on the 002,

FIG. 2. RHEED images of a 25nm thick EuO film grown at 350°C < Ty,
<400 °C for two monolayers then ramped to T, = 650 °C on an epitaxial dia-
mond film along the (a) [100] azimuth and the (b) [110] azimuth of the EuO
thin film. RHEED images of a 37 nm thick EuO film grown at T, =760 °C on
a single-crystal diamond along the (c) [100] azimuth and the (d) [110] azimuth.
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FIG. 3. (a) A 6-20 scan of the same 25 nm thick EuO film grown on an epi-
taxial diamond film as shown in Figs. 2(a) and 2(b) reveals phase-pure EuO
with only an (001) out-of-plane orientation. (b) A 0-20 scan of the same
37nm thick EuO film grown on a single-crystal diamond as shown in Figs.
2(c) and 2(d) reveals phase-pure EuO with only an (001) out-of-plane orien-
tation. There is no indication of europium metal or europium oxides with
higher oxygen content in either film. (¢) Rocking curve comparison between
002 EuO and 004 diamond of the same EuO film grown on an epitaxial dia-
mond film as shown in Fig. 3(a). (d) Rocking curve comparison between
002 EuO and 004 diamond of the same EuO film grown on a single-crystal
diamond as shown in Fig. 3(b).

004, and 006 EuO peaks on single-crystal diamond yields
¢=5.135=0.001 A. Our epitaxial (001) EuO films are
clearly not commensurate. The reduced out-of-plane spacing
from that of bulk EuO indicates that the films are under
slight biaxial tensile strain, likely due to thermal strain
imparted during cooling after growth due to the much larger
linear thermal expansion coefficient of EuO compared to
that of the single-crystal diamond and silicon substrates over
relevant temperatures.*' 3

Rocking curve measurements of the film and underlying
substrate were compared using the EuO 002 peak and dia-
mond 004 peak. For the EuO on the epitaxial diamond film,
Fig. 3(c), the EuO 002 peak has a FWHM of 1.2° in omega
compared to the diamond 004 peak FWHM of 0.17°. For the
EuO on single-crystal diamond, Fig. 3(d), the EuO 002 peak
has a FWHM of 1.8° in omega compared to the diamond 004
peak FWHM of 0.005°. The large EuO peak FWHM further
suggests that the films contain high densities of dislocations
and are therefore not commensurate with the underlying sub-
strates. Since the films were not commensurately strained,
we could not test the prediction of an enhanced 7 in com-
pressively strained EuO.%°

Figure 4(a) shows ¢-scans of the 111 Si, 111 Ir, 111 dia-
mond, and 222 EuO peaks of the EuO film on the epitaxial
diamond film. As expected the diamond, iridium, YSZ, and
silicon layers are arranged cube-on-cube with (001)[100] di-
amond || (001)[100] Ir || (001)[100] YSZ || (001)[100] Si.*'
EuO is also arranged cube-on-cube, but rotated 45° with
respect to the underlying diamond film as discussed earlier.
The 45° rotation is denoted by the displacement of the four
222 peaks of EuO relative to the four 111 diamond peaks.
The YSZ layer could not be resolved by XRD due to its
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small thickness. Together the 0-20 scan and ¢-scans indicate
an epitaxial film of EuO on diamond with an orientation rela-
tionship of (001)[110] EuO || (001)[100] diamond. A sche-
matic depicting the orientation relationship between the
layers in this epitaxial heterostructure is shown in Fig. 4(b).
Figure 4(c) shows ¢-scans of the 111 EuO and 111 dia-
mond reflections of the EuO on single-crystal diamond. EuO
is arranged cube-on-cube, again rotated 45° with respect to
the underlying diamond. The 45° rotation is denoted by the
displacement of the four 111 peaks of EuO relative to the four
111 diamond peaks. Together the 0-260 scan and ¢-scans indi-
cate an epitaxial film of EuO on diamond with an orientation
relationship of (001)[110] EuO || (001)[100] diamond. The d-
spacing of the (110) EuO plane was d;;o=3.647 = 0.003 A,
as calculated from the measured 0-20 positions of multiple
reflections from the (111) EuO planes. This value is larger
than the bulk value (d;;o=3.635 A),” providing further
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FIG. 4. (a) Azimuthal ¢-scans of the same 25 nm thick EuO film grown on
an epitaxial diamond film as shown in Fig. 3(a) for the 111 Si, 111 Ir, 111 di-
amond, and 222 EuO diffraction peaks at y =54.7°, where y =0° aligns the
diffraction vector perpendicular to the plane of the substrate. ¢ =0° corre-
sponds to the in-plane component of the diffraction vector aligned parallel
to the [100] direction of the (001) EuO film. The scans are offset for clarity.
The positions of the phi peaks indicate that the orientation relationship
between the layers is (001)[110] EuO || (001)[100] diamond || (001)[100] Ir
| (001)[100] Si. (b) An atomic model illustrates the orientation relationship
between all components in the heterostructure. (¢) Azimuthal ¢-scans of the
same 37 nm thick EuO film grown on a single-crystal diamond as shown in
Fig. 3(b) for the 111 diamond and 111 EuO diffraction peaks at y =54.7°.
The scans are offset for clarity. The positions of the phi peaks indicate that
the orientation relationship between the layers is (001)[110] EuO ||
(001)[100] diamond.
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evidence that the film is under tensile strain as a result of the
lattice being relaxed at the high growth temperature and
clamped to the substrate during cooling to room tempera-
ture.**> The observed tensile strain, 0.3 = 0.08%, is expected
to reduce the Tc of EuO by about 1.5K according to
first-principles calculations.”

Magnetic measurements were performed in zero applied
field and the Curie temperature was determined from the deriv-
ative of the magnetization with respect to temperature.** The
Tc was found to be 67 = 2K for EuO grown on the epitaxial
diamond film (Fig. 5(a)) and 68 = 2K for EuO grown on the
single-crystal diamond (Fig. 5(b)), which is within experimen-
tal error of the expected Curie temperature of EuO given the
slight T¢ shift from the observed tensile strain.’®*’ Magnetic
hysteresis of the films reveals a saturation magnetization of
2.1*0.1ug per europium ion and a coercive field of
50 = 50G at 40K for the EuO grown on the epitaxial diamond
film (Fig. 5(c)) and a saturation magnetization of 5.5 = 0.1 ug
per europium ion and a coercive field of 105 = 10G at 5K for
the EuO grown on single-crystal diamond (Fig. 5(d)). At 5K,
the EuO grown on the epitaxial diamond film has a maximum
magnetization at 30000G of 3.7 = 0.1 ug per europium ion.
These values are considerably lower than the 6.9 ug per euro-
pium ion found in bulk EuO and in high-quality EuO epitaxial
ﬁlms,8’9‘17’28’33’3 ® and is indicative of our films on diamond not
yet being the quality of epitaxial EuO films grown on
YAIO:,3% LuAlO;,% Si,® and GaAs.”®

In summary, the epitaxial integration of ferromagnetic
EuO on epitaxial diamond films and single-crystal diamond
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FIG. 5. Magnetization as a function of temperature of (a) the same 25nm
thick EuO film grown on an epitaxial diamond film as shown in Fig. 3(a)
revealing a T of 67 = 2K and (b) the same 37 nm thick EuO film grown on
a single-crystal diamond as shown in Fig. 3(b) revealing a T of 68 £2K.
(c) Magnetic hysteresis measurements show that the same 25 nm thick EuO
film grown on epitaxial diamond film as shown in Fig. 3(a) is ferromagnetic
with a coercive field of 50 =50 G and a saturation magnetization of
2.1 = 0.1 Bohr magnetons per europium ion at 40 K. (d) Magnetic hysteresis
measurements show that the same 37nm thick EuO film grown on
single-crystal diamond as shown in Fig. 3(b) is ferromagnetic with a coer-
cive field of 105 * 10 G and a saturation magnetization of 5.5 = 0.1 Bohr
magnetons per europium ion at 5 K.



222402-5 Melville et al.

was achieved. The epitaxy of the EuO film on (001) diamond
exhibited a temperature-dependent orientation as seen in
other heteroepitaxy oxide systems. The magnetic hysteresis
and Curie temperature of epitaxial EuO films on diamond
are comparable to those of bulk EuO."? Although the growth
conditions used yielded relaxed EuO films, the predicted
enhancement of T by compressive strain®® motivates the
achievement of commensurate EuO films on diamond—a
challenge for future studies.
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