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� Ultra thin film growth of chromia,
Cr2O3, possible.

� Evidence for strong texture growth of
chromia, regardless of substrate.

� Lattice match not necessary for
texture growth of chromia.

� Chromia growth on graphitic carbon
possible.

� While chromium does not ‘wet’
Cu(111), but chromia does.
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a b s t r a c t

The growth and surface structures of ultrathin chromia (Cr2O3) films on Cu(111), Co(0001), and on thin
graphene/graphitic carbon films on Co(0001) have been investigated, and compared to epitaxial chromia
films grown on Al2O3(0001). On metallic substrates, chromia grows with strong texture along the (0001)
direction with little mosaic spread. On cobalt, a thin interfacial oxide is observed, which is stable upon
exposure to ambient or annealing in ultrahigh vacuum. In the case of chromia growth on graphite,
chromia-catalyzed oxidation and etching of the carbon layers is observed above 800 K in ultra high
vacuum. The results show that highly ordered and continuous, ultrathin films of chromia (Cr2O3) can be
grown on a variety of substrates and that magnetic tunnel junction structures, based on the magneto-
electric chromium oxide, may be built from the “bottom up”.

© 2014 Elsevier B.V. All rights reserved.
unl.edu (P.A. Dowben).
1. Introduction

Recently, Cr2O3 has attracted considerable attention as a
magneto-electric with roughness-insensitive boundary spin po-
larization [1e5]. This boundary magnetization is key to the recent
demonstration of robust isothermal electric control of exchange
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bias at room temperature [1]. Magneto-electrics are a possible
route for voltage control of magnetization in a magnetic tunnel
junction structure [4,6,7] or as a magneto-electric dielectric gate to
a spin field effect transistor [8e11]. The implementation of a
magneto-electric like chromia would benefit from the facile ultra-
thin film growth of chromia on both ferromagnetic and para-
magnetic electrode materials, like cobalt and copper. The barriers
to magneto-electric switching are thought to scale roughly with
volume, so thinner films might facilitate this voltage controlled
switching of the interface polarization. Of course this also requires
that the magneto-electric properties are retained in the thin film
limit at elevated temperatures, but if this is indeed the case then the
material may require a smaller critical voltage, and possibly exhibit
higher switching speeds as well. There is experimental evidence
that in fact this is correct [12]. Unfortunately there is a limit to
preserving useful magneto-electric properties, as in the thin film
limit the boundary magnetization dominates. We have shown that
for ultra-thin chromia films close to the N�eel temperature, a mag-
netic field alone can switch the entire antiferromagnetic spin
structure through Zeemann coupling with the boundary magneti-
zation [12]. The growth of thin epitaxial films onmagnetic and non-
magnetic substrates is therefore a necessary first step towards the
study of the film morphology and interfacial chemistry, including
interface oxidation and charge transfer, and how they affect chro-
mia magnetoelectric properties in the thin film limit. There is an
unexplored regime of film thickness, below which chromia thin
films cannot be used to switch the magnetization of an adjacent
ferromagnet. Likely only chromia films above some critical thick-
ness will be effective for exchange bias applications, even without
electric/voltage controlled switching.

There has been a long standing interest in chromia, which also
extends to possible applications as a catalyst or photo-catalyst
[13e37], leading to a very rich literature of the interface proper-
ties of this material. There have been a number of studies of suc-
cessful chromia thin film growth on a variety of substrates,
including Cr(110) [13e17,29,33e35,38e42], W(100) [43,44],
Re(0001) [45], Rh [36], Pt(111) [46,47], Pd(111) [48], Pt [49], Cu(110)
[50], Cu(100) [51], Cu(111) [52], Ag(111) [53], Au(111) [54], Fe(100)
[55], Fe(110) [56], polycrystalline Fe [57], polycrystalline Co [57],
polycrystalline Ni80Fe20 [57], NiAl2O4 [58], Fe2O3 [20,59e61], CrO2
[62,63], and on sapphire or Al2O3(0001) [12,20e24,60,64e66].

We report here on chromia epitaxy on Cu(111), on Co(0001),
and on graphitic carbon thin films, and compare our findings to
films grown on Al2O3(0001) (sapphire), and to the broader body of
literature just mentioned. Our study goes beyond earlier published
studies as the result of the comprehensive suite of experimental
methods used, combining sub-nanometer resolution imaging with
electron diffraction and spectroscopy methods. X-ray photoelec-
tron spectroscopy (XPS), and low energy electron diffraction
(LEED) results indicate that for Cu and Co substrates, as well as for
sapphire, continuous highly ordered films are formed with average
thicknesses <20 Å. On cobalt, twinning of the chromia is likely to
be common as the symmetry of the cobalt surface is C6v (six fold),
if the underlayer is not considered, and thus is not C3v (three fold)
like chromia. Such twinning is likely to occur, as well, on many
other metal substrates, although apparently less likely on Cu(111).
In the case of Cr2O3/Co(0001), a thin interfacial Co oxide is also
formed, which is stable upon annealing or exposure to ambient.
This is not enough to demonstrate the efficacy in a spintronics
device application, although there remain promising indicators.
The performance of envisioned magnetic tunnel junction struc-
tures [4,6,7] and spin field effect transistors [8e11], that seek to
exploit the magneto-electric character of a material like chromia
[2], would likely be enhanced by a stable chromia interface, both
top and bottom, that is a continuous dielectric and magneto-
electric thin film. In this regard, there have also been studies of
both copper [45,67] and cobalt growth [54,57,68] on chromia,
pertinent to the work we report here. For chromia grown on
graphite, however, formation of a completely oxidized but disor-
dered chromia layer is achieved at 500 K. Subsequent annealing in
UHV to >800 K results in the catalytic etching and removal of the
graphitic layer.

2. Experiment

All experiments were performed in ultra-high vacuum (UHV,
~10�10 Torr) using 3 separate UHV systems, to make use of a broad
range of surface analytic tools. System 1 was equipped with an
Omicron Low-temperature scanning tunneling microscope (LT-
STM). System 2 combined X-ray photoemission with an Omicron
reverse view low energy electron diffraction (LEED) system [69].
This system has an introduction chamber (base pressure
1 � 10�7 Torr) with capabilities for magnetron sputter deposition
from a graphite or Cr source, followed by sample transfer to the
UHV chamber for LEED and XPS characterization without exposure
to ambient. System 3 combined Auger electron spectroscopy (AES)
and LEED as described previously [70]. Samples were either grown
and studied in-situ, or transferred between systems through air
where indicated, and surface contamination removed.

Chromia was deposited on four different substrates, crystalline
Cu(111), thick epitaxial Co films sputter deposited on alumina
substrates, graphitic carbon and Al2O3(0001) (sapphire). Different
growth protocols for chromia were followed. It needs to be un-
derstood that each deposition method has advantages and disad-
vantages. The growth of chromia through chromium evaporation
and subsequent oxidation is compatible with full ultrahigh vacuum
and ideal for growing ultra-thin chromia films, but only so long as
the adlayer of chromium does not alloy or dissolve into the sub-
strate. Pulsed laser deposition is suitable for the growth of chromia
thin films, especially growing a doped chromia, Cr2BxO3-x, thin film
[66]. The pulsed laser deposition of chromia is generally limited to
growing thin films over small areas, however, and unlikely to be
industrially scalable in the near future. Magnetron sputtering, as
used on three of the four substrates studied, is industrially scalable,
but rarely ultrahigh vacuum compatible.

(i) Cu(111): Due to the dielectric nature of chromia, the scanning
tunneling measurements required fine control of film
thickness and very thin films, not possible by magnetron
sputtering. As a consequence, the growth of chromia through
chromium evaporation and subsequent oxidation compat-
ible with ultrahigh vacuumwas adopted for the STM studies
on Cu(111). The Cu(111) single crystal of purity >99.999% was
prepared by repeated cycles of Ar ion sputtering and
annealing at 850 K in the preparation chamber. Metallic
chromium was deposited on clean Cu(111) surfaces from an
e-beam heated crucible. Chromia thin films were formed by
post-annealing of the MBE-deposited Cr/Cu(111) sample at
923 K in a 5 � 10�7 mbar oxygen partial pressure for 1 min.

(ii) Co(0001): The Co(0001) substrates were prepared ex-situ by
magnetron sputter deposition onto Al2O3(0001) in presence
of 15 mTorr Ar pressure, with an estimated Co thickness
greater than ~1000 Å. In the chromia growth chamber, the
Co(0001) film was annealed to 1000 K in presence of H2
(1�10�6 Torr) in order to remove any dissolved oxygen from
the bulk of Co, and further characterized by LEED and Auger
electron spectroscopy (AES) prior to Cr deposition. Cr depo-
sition was carried out using a commercial electron beam
evaporator for MBE. Cr rod was used as the source and the
chamber base pressure during deposition was less than
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1�10�8 Torr. Cr2O3 was deposited by initiating Cr deposition
in presence of 1 � 10�6 Torr O2 at room temperature and
subsequent annealing at 1000 K in 1 � 10�7 Torr O2.

(iii) Graphitic carbon: Graphitic carbonwas grown bymagnetron
sputter deposition from a graphite target in the introduction
chamber (base pressure 1 � 10�7 Torr) onto a ~1000 Å thick
Co(0001) sample, using a 4 mTorr Ar plasma with a sample
temperature of 1000 K. This resulted in a ~19 Å graphitic
carbon overlayer on the Co(0001)/Al2O3 sample, as deter-
mined by XPS, and Raman. To grow a chromia layer on the
graphitic carbon layer, the Cr sputter deposition at 500 Kwas
followed by exposure to O2 at or above room temperature,
and annealing in UHV to order the film.

(iv) Chromia on Al2O3(0001) (sapphire) was grown by two
methods. One approach was magnetron sputter deposition
in the introduction chamber (base pressure 1 � 10�7 Torr)
with a (Ar þ O2) gas mixture, with a relative Ar:O2 pressure
ratio of 1:9 at 500 K. Commercially available Al2O3 (0001)
was used as the substrate. Subsequent annealing at 850 K in
UHV produced an ordered Cr2O3 film on alumina. The other
approach was pulsed laser deposition of Cr2O3 from a
chromia target. We used a KrF excimer laser with pulse
energies of 200 mJ and pulse width of 20 ns at a repetition
rate of 10 Hz to create a plume from a chromia
target allowing to deposit (0001) textured chromia thin
films on cleaned sapphire (0001) substrates. The substrates
were kept at 700 �C (973 K) during deposition and were
located ~8.5 cm from the target. As mentioned above, this
pulsed laser deposition approach was particularly successful
for the fabrication of a boron doped chromia, Cr2BxO3-x,
important to raising the N�eel temperature. Here pulsed laser
deposition of Cr2O3 from a chromia target in the presence of
B10H14 background atmosphere leads to substitution of O2�

ions by boron [66].

What emerges throughout this multitechnique comparison is
that regardless of deposition method, chromia growth is robust,
and always heavily textured towards growth along the <0001>
direction.

Scanning tunneling microscopy (STM) studies of chromia films
grown on Cu(111) were carried out using a low-temperature Omi-
cron Nanotechnology STM. All STM studies shown in this paper
have been performed at 77 K sample temperature.

The X-ray photoemission studies of chromia on Cu(111) were
completed using both an aluminum anode with a Ka of 1.486 keV
and a magnesium anode with a Ka of 1.254 keV photon energies,
and with the photoelectron energy distribution curves measured
with a hemispherical electron energy analyzer from Thermo VG
Scientific, model VG 100, using a pass energy of 100 eV in 0.1 eV
steps. The Cr 2p and O 1s core level binding energies are referenced
to the Fermi level or chemical potential, calibrated using a Au foil
and the Cu(111) substrate. The temperature was monitored using a
type K thermocouple and cross-checked using an infrared
pyrometer.

XPS spectra of chromia on Co(0001) or graphene/graphite were
acquired with a 100 mm mean radius hemispherical analyzer
operated in constant pass energy mode (22 eV), and an unmono-
chromatized Mg Ka x-ray source (photon energy 1253.6 keV)
operated at 300 W. AES spectra of chromia on Co(0001) were ac-
quired by a cylindrical mirror analyzer with co-axial electron gun,
operated at 3 keV. LEED data for these films were obtained using
commercially available reverse-view LEED instruments. The
average thicknesses and stoichiometries of chromia films on Co or
graphene/graphite were derived from XPS are AES data using
standard methods.
3. Chromia growth on Cu(111)

Fig. 1a shows an STM image of a nominally 2 monolayer (ML),
MBE-deposited Cr film on Cu(111). As shown in Fig. 1, the hetero-
epitaxy of the as-deposited chromium metal film follows the Vol-
mereWeber, or island growth mode on Cu(111), where small
clusters 2e5 nm in diameter decorate step edges and terraces.

Upon annealing the deposited Cr on Cu(111) in a 10�7 Torr O2
partial pressure at 923 K, the adlayer topography changes consid-
erably. The STM topography images of the oxygen-annealed film in
Fig. 1b reveal that the small chromium islands coalesce to form
large, flat terraces that cross several Cu(111) terraces. The apparent
height of the oxide film is about 2 nm. This considerable increase in
film thickness is the result of island ripening and partial de-wetting
of the Cu(111) surface, in combination with oxygen uptake by the
Cr. Visible within the large flat islands are small steps of apparent
step height of 1 Å. This step height deviates considerably from the
distance between two equivalent (0001) surface terminations of a-
Cr2O3(0001), which are separated by a monoatomic step with a
height of 2.3 Å. However, it should be noted that precise height
measurements on chromia films with STM is problematic due to
the insulating nature of Cr2O3(0001), which makes the films
effectively part of the tunnel barrier. This method is only suitable
for the growth of thinner Cr2O3 films, as applicability is limited by
the ability of oxygen to penetrate the Cr during annealing. It is after
all, the formation of chromia that provides the corrosion barrier
that makes stainless steel or inox steel, “stainless” [71e76]. This
oxide film, or passivating boundary layer, is typically very thin (of
order 2e3 nm). Thicker films grown by evaporation of chromium
and subsequent oxidation would require repetitive cycles of chro-
mium thin film evaporation and oxidation.

In order to check the chemical composition and structure of the
chromium oxide film, XPS and LEED measurements were per-
formed on the sample. Fig. 2 shows both the Cr 2p and O 1s core
level photoemission data taken at room temperature, with a 20�

degree emission angle with respect to the surface normal, after the
sample was annealed in UHV at 600 K for 20 min to remove con-
taminants. Since the chromia film is quite thin, with monolayer
coverage at about 1 unit cell height, the small signal-to-noise ratio
for Cr 2p spectra is expected. Using the peak maximum or as
appropriate, themaximum of the various peak fit to the spectra, the
binding energies were established, and surface sensitivity ascer-
tained the relative intensity of the features as a function of the
photoemission emission angle. On this basis, the binding energy of
the Cr 2p3/2 core level is 576.2 ± 0.1 eV, a clear shift from the
metallic chromium peak found at 574.4 eV, and in agreement with
previously published values for thicker chromia films on Cu(111)
[52]. The Cr 2p3/2eCr 2p1/2 binding energy separation is 9.5 eV,
which is also very close to the reported binding energy separation
for Cr2O3 and other single phase chromium species [52,64]. The
binding energy of the O 1s core level (Fig. 2) for the annealed
sample is 530.4 ± 0.2 eV, in agreement with that reported for a very
thin film on Cu(111) (530.4 eV) [52]. This suggests that the O 1s
spectrum (Fig. 2b) contains a component with a peak at
532.8 ± 0.3 eV and a component that could well be representative
of the surface rather than the interface of the Cr2O3 with copper,
where the well screened final state is expected to place the oxygen
core level closer to 530.2 eV. This higher binding energy component
of the O 1s core level spectra is seen to increase in relative intensity
with increasing take off angle, thus indicative of greater localization
at the surface, as opposed to the bulk of the chromia film. Chromia
does have a surface state [1], and surface to bulk core level shifts, for
the metal core, are known even for even the most dielectric oxides
[77,78], as are final state screening effects [79]. These chromia core
level binding energies are very much in line with expectations



Fig. 1. (a) The STM topographic image of 2 monolayers (ML) Cr deposited on Cu(111) at room temperature. (b) STM topographic image of the chromium oxide film formed by
annealing 2 ML Cr/Cu(111) sample in a 5 � 10�7 mbar oxygen atmosphere at 920 K for 1 min (see text).
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based on previously reported results (Table 1). We thus conclude
that the flat film observed is indeed a chromia adlayer.

The low energy electron diffraction (LEED) studies establish that
this chromia film exhibits a dominant (0001) texture with very
little mosaic spread. The LEED pattern for the chromia film on
Cu(111) (Fig. 3a) exhibits an overall hexagonal diffraction pattern
with C3v symmetry. This further supports the contention that the
film is Cr2O3 in a single phase and single domain. This LEED dem-
onstrates that the chromia adlayer has adopted (0001) texture
growth, but with surprisingly very little mosaic spread, i.e. a-
Cr2O3(0001).While Cu(111) and Co(111) are closely lattice matched,
the lattice match with chromia is imperfect, as noted elsewhere in
studies of copper deposition on chromia [45,67]. Consistent with
these earlier studies, we find that Cu will also adopt (111) texture
growth on a-Cr2O3(0001), but with a lattice mismatch, as is clearly
evident of the LEED of Fig. 3b.
Fig. 2. The XPS spectra (a) Cr 2p and (b) O 1s at 20� emission angle, with respect to the
surface normal, for a chromia adlayer on Cu(111). Binding energies denoted as EF-E.
The smooth lines are peak fitting results.
4. Chromia growth on Co(0001)

Fig. 4a displays Auger electron spectroscopy (AES) acquired after
the first (solid line) and second (dashed line) Cr deposition/oxida-
tion cycles on Co(0001). The Cr(LMM) and O(KVV) spectra
(Fig. 4a,b) are consistent with Cr2O3 [55,58,80] and indicate an
average chromia thickness of 9 Å after the first deposition/oxida-
tion cycle, and 11 Å average thickness after the second deposition/
oxidation cycle. This apparent change in deposition rate between
cycles may be due in part to small variations in sample position and
beam flux, but may also reflect a change in Cr sticking coefficient
with chromia surface coverage. The corresponding low energy
LEED image (Fig. 5a) and corresponding line scan (Fig. 5b) for the
9 Å chromia film consists of a faint outer six-fold array of diffraction
spots, and a brighter inner array of six-fold LEED diffraction spots,
both arrays having the same angular orientation. After the 2nd
deposition, however, the LEED image (Fig. 5c) and corresponding
line scan (Fig. 5d) across the LEED image, taken for 11 Å of chromia
on Co(0001), indicate only the inner ring of LEED diffraction spots.
The outer ring of LEED diffraction spots has disappeared. This
identifies the outer LEED diffraction spots in Fig. 5a array as related
to a six-fold Co(0001) substrate and the inner LEED diffraction
spots as corresponding to Cr2O3. The absence of substrate-related
spots after the second deposition (Fig. 5c,d) indicates that two
deposition/oxidation cycles result in a continuous, epitaxial chro-
mia film on Co(0001), much like that observed for chromia on
Cu(111), as discussed above. The LEED patterns for chromia on
Co(0001) (Fig. 5a,c) do not, however, exhibit C3V symmetry, indi-
cating that the film is not single-domain. From X-ray f scans it is
known that the chromia (0001) surfaces tend to have twin do-
mains, and such twinning is likely, and a possible explanation for
the 6 fold, rather than 3 fold, symmetry. These LEED images for
chromia on Co(0001) (Fig. 5a,c) are similar to those previously re-
ported for Cr2O3(0001) films on Ag(111) [53]. Although there is a
lattice mismatch, a comparison of chromia LEED diffraction spots,
with those from the Co substrate (Fig. 5a), indicate that the lattice of
the chromia overlayer and Co substrate are aligned.

The XPS Cr 2p and O 1s spectra of chromia (Cr2O3) grown on
Co(0001) are shown in Fig. 6a,b. The corresponding LEED image for
the chromia/Co film, after a flash anneal in ultra high vacuum
(UHV), is shown in Fig. 7a, while that of a clean Co(0001) substrate
acquired in the same chamber under the same experimental con-
ditions is shown in Fig. 7b. Corresponding LEED images for the



Table 1
Comparison of Cr(2p)3/2 and Cr(2p)1/2 binding energy values for Cr2O3 films grown on Cu(111), Co(0001), Al2O3(0001) and graphitic carbon versus literature values. Binding
energy refers to the peak maximum and are in units of [eV].

Substrate Cr (2p1/2) Cr (2p3/2) O (1s) Cr (2p3/2) e O (1s) binding
energy difference

Cu(111) 585.7 ± 0.3this work 576.1 ± 0.2this work

e

576.2 [52]

530.4 ± 0.2 this work

532.8 ± 0.3 this work

530.4 [52]

45.7
45.8

Cu(110) e 577.0 [50] 530.6 ± 0.2 [50] 46.4
Cu(100) e 577.0 [51] e e

Ag(111) 584 [53] 531 [53] e

Pd(111) 586.6 ± 0.1 [48] 576.8 ± 0.1 [48] e e

Pt(111) e 577.0 [46]
577.0 [47]

e e

Co(0001) 585.4 ± 0.2this work 575.7 ± 0.2 this work 529.6 ± 0.2 this work 46.1
Cr(110) e 576.6 [40]

577.0 [41]
531.5 [40] 45.1

W(100) 585.8 [44] 576.3 [44] 530.5 [44] 45.8
Rh 586.8 ± 0.2 [36] 576.8 [36] e

Re(0001) 586.5 [45] 576.7 [45] 530.2 [45] 46.5
Graphitic carbon 585.3 ± 0.2this work 575.6 ± 0.2this work 528.8 ± 0.2 this work 46.8
NiAl2O4 586.9 [58] 577.2 [58] 530.5 [58] 46.7
CrO2 586.5 ± 0.3 [62]

585.2 ± 0.2 [63]
576.8 ± 0.2 [62,68]
575.7 ± 0.2 [63]

531.1 ± 0.2 [62] 45.7

Al2O3(0001) 585.9 ± 0.2this work 576.2 ± 0.2 this work 530 ± 0.2 this work 46.2
Bulk Cr2O3 585.9 ± 0.2 [63] 576.0 ± 0.2 [63,71]

575.6 [71]
575.7 [72]
576.3 [73,74]
576.5 [75]

531.1this work

533this work

529.9 [71]
530.3 [72,76]
531.5 [95]

45.7
45.4
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chromia film on Al2O3(0001), and the alumina substrate prior to
chromia deposition, are shown in Fig. 7c,d for comparison.

The Cr2O3(0001)/Co(0001) LEED diffraction image (Fig. 5c) is
stable after exposure to air, transfer and annealing (Fig. 7a), so even
for a more reactive substrate like Co(0001), sample transfer will not
significantly disrupt the long range order of the chromia film.

As shown in Fig. 6a,b, the XPS Cr 2p3/2 and O 1s spectra, for the
~11 Å thick chromia films on Co(0001), exhibit peak maxima at
binding energies of 575.7 eV and 529.6 eV, rather smaller than
those observed for chromia on most other substrates (Table 1). For
chromia on Co(0001) experiments, the XPS peaks were referenced
to a metallic Co 2p3/2 peak binding energy of 778.1 eV [81,82] ob-
tained from the ~1000 Å thick Co substrate. These data exhibit core
level binding energies greater than those observed for chromia on
sapphire (Fig. 6c,d). For chromia on Al2O3, the core level photo-
emission peaks were referenced with respect to the Al 2p3/2 peak at
74.7 eV [81,83], but there is considerable uncertainty as to the
correct Al 2p reference binding energy because this is a dielectric
substrate and is reflected by the range of binding energies reported
from 73.5 eV [84], to 73.7 eV [85] to 74.1 eV [86] to 74.9 eV [82].
Fig. 3. (a) The LEED for a chromia adlayer on Cu(111) (see text). The LEED kinetic energy is
Cr2O3(0001) at 684 K. The LEED pattern was taken at incident electron energy of 70 eV.
Thus, there is no certainty that the greater binding energy is due to
the dielectric substrate or the greater chromia film thickness. The
XPS indicates the average thickness of the Cr2O3 film on alumina is
25 Å. The thicker chromia film on alumina exhibits higher binding
energies compared to the 11 Å thick Cr2O3 film on Co(0001).

The Co 2p XPS spectra for the Cr2O3/Co(0001) film (Fig. 8) also
show a high binding energy shoulder, indicating the presence of an
interfacial Co oxide with an average thickness of 3.5 Å. This oxide
layer showed no change upon subsequent sample exposures to
ambient air and annealing in UHV, providing additional evidence
for the continuity of the chromia overlayer. This is consistent with
our observation that the Cr2O3(0001)/Co(0001) LEED diffraction
images, are stable after exposure to air, during transfer, and sub-
sequent annealing, so even for a more reactive substrate like
Co(0001), sample transfer will not significantly disrupt the long
range order of the chromia film. This interfacial oxidation at the
cobalt to chromia interface has also been seen for cobalt deposition
on chromia [68], and could contribute to the formation of chromia
twinning and loss of C3v symmetry, compared to chromia growth
on Cu(111).
260 eV. (b) The LEED showing the strong ordering of Cu(111) on a single crystal of a-



Fig. 5. The LEED image (a) and line scan (b) after the first chromium deposition/oxidation cy
This can be compared with the LEED image (c) and line scan (d) after second chromium de
diffraction spots identified in the line scan of b is related to a six-fold Co(0001) substrate, an
90 eV. Dashed and solid lines in (b,d) are guides to the eye.

Fig. 4. (a) Auger electron spectroscopy acquired after 1st Cr MBE/oxidation cycle (solid
black trace) and after 2nd Cr MBE/oxidation cycle (open circles), (b) the expanded view
of the Cr(LMM)/O(KVV) region. (LMM is an L shell core hole, M shell transition and M
shell Auger electron while KVV is a K shell core hole, transition from the valence band
and valence band Auger electron).
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5. Chromia growth on Al2O3(0001)

It should be noted that sapphire is the frequent substrate of
choice [12,20e24,60,64,65] for chromia growth because of the close
lattice match to a-Al2O3(0001) substrate. This is borne out in our
LEED studies as well. The LEED image for the chromia/alumina film
(Fig. 7c) exhibits C3V symmetry, indicating that the film grown on
alumina occurs in a single domain film, or at least twinning of the
chromia is vastly suppressed and that the chromia lattice is aligned
with that of the Al2O3(0001) substrate, as noted by many previous
investigators [12,20e24,60,64,65]. This is in contrast to LEED images
for Cr2O3(0001)/Co(0001) (Fig. 5a,c and 7a), that exhibit six-fold
symmetry. This indicates that the chromia film grown on alumina,
aswith thefilmgrownonCu(111) is single domain, but that thefilms
grown on Co almost certainly not single domain.

It is clear that a lattice match for chromia growth, with regard to
the substrate, is not essential. In particular, the lattice match for
chromia growth on Al2O3(0001) is not perfect and thicker chromia
films do not share the same lattice constant with the alumina
substrate [66], as seen in Fig. 9. These pulse laser deposition films
are seen to be very flat, with a roughness of 0.22 nm or less, in spite
of the lattice mismatch between the substrate and chromia over-
layer. We note that textured growth of chromia with an (1e102)
was observed on an Al2O3 substrate also of (1e102) orientation
[87]. Again, perfect lattice match was not observed, and some
growth included grains with other orientations [87]. What this
means is that while texture growth of chromia along (0001) is
common, and perhaps often dominant, the substrate can influence
the texture for growth along other orientations.

6. Chromia growth on graphitic carbon by physical vapor
deposition

The tendency for chromia growth to favor (0001) texture
growth is evident in the growth of chromia on graphitic carbon. The
cle (roughly 9 Å) on Co(0001). Note the evidence of overlayer mismatch in the line scan.
position/oxidation cycle (roughly 11 Å) on Co(0001). Note that the outer ring of LEED
d is not evident with thicker chromia overlayers (d). The LEED electron beam energy is



Fig. 6. The XPS core level spectra for Cr 2p (a) and O 1s (b) core levels after Cr2O3 deposition on Co(0001) (see text), and for Cr 2p (c) and O 1s (c) core levels after Cr2O3 deposition
on Al2O3.
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XPS data for the graphitic film prior to chromium deposition
(Fig. 10a), after deposition and partial oxidation of chromium
(Fig. 10b), and after further oxidation and annealing to 800 K in
UHV (Fig. 10c) show that coexistence of a suboxide and chromia are
possible. The corresponding LEED image data are displayed in
Fig. 11aec, respectively.

Prior to Cr deposition, the XPS data (Fig. 10a) indicate a C 1s
featurewith a binding energy near 284.5 eV, indicative of negligible
carbon oxidation, and an average C overlayer thickness of 19 Å. The
three cycles of Cr deposition at 500 K followed by room tempera-
ture oxidation (2mTorr for 10min each cycle) resulted in a partially
oxidized, hexagonally ordered chromia film, ~7 Å average
Fig. 7. The various LEED patterns for chromia overlayers on cobalt and sapphire: (a) thicker
substrate; All LEED patterns acquired at 90 eV beam kinetic energy.
thickness, as indicated by the core level XPS spectra in Fig. 10b, and
corresponding LEED image (Fig. 10b). The Cr 2p core level XPS
feature (Fig. 10b) exhibits a maximum at 575.6 eV, but with a
pronounced shoulder at lower binding energy indicating the
presence of chromium in a metallic or suboxide state. Consistent
with our expectations as to how the chromium oxidation proceeds,
emission angle dependent XPS Cr 2p spectra (Fig. 12) indicate that
metallic chromium is at the interface between the chromia and the
graphite layer, not the surface. Subsequent oxidation at 500 K
resulted in elimination of the low binding energy shoulder, indi-
cating complete oxidation to Cr2O3, but with no observable LEED
pattern. Annealing the chromia film to 800 K in UHV, however,
(>11 Å) Cr2O3 on Co; (b) the clean Co substrate; (c) Cr2O3 on Al2O3 (d) the clean Al2O3



Fig. 8. XPS Co 2p spectra of a Cr2O3(0001)/Co(0001) film after sample transfer/UHV
anneal (solid trace) and after a second air exposure/UHV annealing cycle(open cycle).
The feature corresponding to the presence of cobalt oxide is marked by an arrow.
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resulted in the degradation and removal of the graphitic C layer, as
evidenced by the lack of resulting C 1s intensity (Fig. 10c) and a six
fold LEED pattern indicative of an ordered chromia adlayer
(Fig. 11c). Since annealing the Cr metal/graphite interface in UHV
did not yield carbon dissolution, the data in Figs. 10 and 11 indicate
that catalytic etching of the graphitic layer, by chromia, occurred at
temperatures >800 K. This suggests practical thermal limits to the
annealing of chromia layers on graphitic carbon, even under UHV
conditions.

The LEED image (Fig. 11a) indicates that presence of graphitic
domains or layers azimuthally rotatedwith respect to each other, as
was observed with graphene/SiC [88]. This disorder in the graphitic
carbon layer does not translate to a hugely disordered chromia
layer; rather strong (0001) basal face texture growth of the chromia
layer is again evident as seen in Fig. 11b,c.

7. Discussion

Regardless of deposition method, the growth of chromia, Cr2O3,
thin film is robust. The data presented here demonstrate that while
there is some influence of substrate reactivity on chromia growth
and stability, chromia thin film growth on a variety of substrates
favors the (0001) basal face texture growth direction. In all cases
examined here, the orientation of the Cr2O3 lattice is aligned with
that of the substrate. Growth of Cr2O3 on Cu(111), as on Pt [46,47] or
on Ag(111) [53], can yield quasi-epitaxial growth (single phase
chromia domain growth, but perhaps without a perfect lattice
Fig. 9. Wide and small angle x-ray diffraction of pure chromia thin films grown by pulse
textured chromia. (*) indicates Kb peaks. The inset shows small angle x-ray diffraction raw d
26.3 nm and roughness of 0.22 nm. Adapted from [66].
match), with an atomically abrupt interface. Indeed, it is interesting
that oxidation of Cr on Cu(111) at ~920 K in UHV enhances film
wetting of the substrate, consistent with previously reported re-
sults [51]. In contrast, chromia de-wetting from Pt(111) is observed
at >700 K [47]. Cr2O3 films grown on Co(0001) are also stable at
temperatures larger than 1000 K, but this may be due to the for-
mation of an interfacial Co oxide. The formation of an ultrathin Co
oxide interface may be of relevance for spintronics applications.
Studies of the magnetic properties of ordered Co layers on
Cr2O3(0001) have been reported [60,64,75], but interface effects on
the perpendicular magnetic anisotropy and the exchange bias will
depend greatly on the interface and interface composition. An
abrupt Co/chromia interface (no interfacial Co oxide) cannot be
assumed: the results reported here suggest that ultrathin interfa-
cial Co oxides may be formed under appropriate conditions, and
their existence should be considered in the investigation of mag-
netic properties of such heterostructures.

Cr2O3 growth on graphene or graphite is of interest due to the
possibility of using a voltage-switchable magnetoelectric material
for proximity-induced polarization of graphene [8e11,89,90] and
use of the chromia as a dielectric gate with high interface polari-
zation [1,2]. The data reported here, however, indicate that such a
task may be difficult owing to the potential for chromia catalyzed
oxidation of the carbon substrate. Chromia catalysis of hydrocarbon
oxidation is well-documented [91], and the data here suggest that
any chromia growth on graphite or graphene should occur at
<800 K. Since annealing of the graphitic layer to >800 K in the
presence of either UHV or metallic Cr yielded no observable change
in the graphite layer, the disappearance of the C 1 s signal upon
annealing in the presence of chromia (Fig. 9c) indicates that this
effect is likely not due to C dissolution into the Co substrate, but
rather to the catalytic oxidation and possible desorption of the
carbon layer. Catalyzed destruction of graphitic carbon by chromia
remains a concern, and suggests that chromia growth on graphene,
or direct graphene growth on chromia is problematic.

The Cr 2p core level XPS binding energies are obviously a major
indicator of the presence of Crþ3 ions, and the formation of Cr2O3, as
opposed to Cr3O4 or other phases. The reported chromium 2p3/2
binding energies for the Cr2O3 oxide fall into two groups: those that
range from 575.7 eV to 576.3 eV (this work and references
[44,52,63,71e74]), and those that range from 576.8 eV to 577.2 eV
(references [46e48,50,51,62,68]), as seen in Table 1. It should be
noted that the publications reporting the larger binding energies
also report a lower binding energy component of 575.8 eV [51],
576 eV [41,50], 576.5 eV [46,47]. Frequently, the two components
have been ascribed to Crþ2 and Crþ3 [41,45,46,50,51], but a surface
to bulk core level shift, in the photoemission final state, is (in our
d laser deposition on alumina. Narrow (0006) and (00012) Ka peaks indicate (0001)
ata and best fit (shifted for clarity relative to raw data) determining a film thickness of



Fig. 10. XPS core spectra of C(1s), O(1s) and Cr(2p) for deposition of graphitic carbon on Co/Al2O3 substrate (row: a), after deposition of Cr2O3 on graphitic carbon/Co/Al2O3 substrate
(row: b), and annealed at 800 K, after deposition of Cr2O3 on the graphitic carbon/Co/Al2O3 substrate (row: c).
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opinion) equally or even more plausible given that chromia has a
surface state [1]. Our observation that both chromium bulk crystals
and chromia thin films exhibit a “surface” and “bulk” component, in
the O 1s core level spectra is consistent with a surface to bulk core
level shift or differences in binding energy due to difference in the
photoemission final state.

Both chromium 2p3/2 binding energy components for the Cr2O3
oxide occur at much higher binding energies than expected for the
chromium metal e.g. 573.6 eV [71], 574.0 eV [76,92], 574.1 eV
[52,73,74,93e95], 574.2 eV [41], 574.4 eV [40]. This, together with
observation [52] that thicker chromia films exhibit higher Cr 2p3/2
binding energies, suggests that final state screening may play a
significant role, rather than initial state chemical oxidation. Such a
final state effect could result from a surface to core level shift,
common for oxides, although difficult to distinguish between a
different initial chemical state at the surface, or different screening
as a result of the final state screening that might occur from the
metallic substrate screening the Crþ3 photoemission final state. For
the Cr 2p3/2 binding energies reported for chromia thin films on
metals, that group at smaller binding energies in fact are consistent
Fig. 11. LEED after (a) deposition of 2 nm of graphitic carbon on a Co/Al2O3 substrate, (b) afte
after a subsequent anneal at 800 K after deposition of Cr2O3 on 2 nm of graphitic carbon on a
90 eV.
with the chromia formed at the surface of many stainless steels
[71,73e75], as summarized in Table 1, and this chromia is typically
quite thin, no more than a few nanometers at most, as mentioned
above. For this reason, the approach of assigning the multiple core
level binding energies of the Cr 2p3/2, to different chromium
oxidation states, at this junction, may have been too simplistic.
Final state screening effect upon the Cr 2p3/2 core level binding
energies should be considered, especially considering that the
nominal band gap of the surface electronic structure is smaller than
the bulk band gap of chromia [1]. This surmise that final state
surface and bulk contributions, with different binding energies
might contribute to the Cr 2p3/2 core level photoemission spectra
under some conditions, is supported by angle-resolved high reso-
lution core level photoemission studies of bulk chromia single
crystals where the surface is seen to have a different binding energy
than the bulk. The fact that sometimes the oxygen 1s core level
binding energies is seen to have multiple components is also
consistent with this assignment, as noted above, for the case of
chromia thin films on copper, and bulk chromia single crystals as
noted in the table below.
r deposition of 12 Å Cr2O3 on 2 nm of graphitic carbon on a Co/Al2O3 substrate, and (c)
Co/Al2O3 substrate. All the LEED images were taken with an electron kinetic energy of



Fig. 12. The Cr 2p XPS spectra acquired with emission parallel to the sample normal (a)
and at 600 relative to the sample normal (b), for a 12 Å film deposited on graphite at
500 K and then exposed to 2 mTorr O2 at room temperature for 20 min. Lines are
guides to the eye. Note that with the increasing emission angle (b), the Cr metal core
level component decreases, indicating that the metallic chromium is below the oxide
layer, in contact with the carbon substrate.
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Without question, as noted in the introduction, exchange bias
with the very thinnest chromia films (<2 nm) is not possible.
Regular exchange bias requires the antiferromagnet to overcome
some critical thickness, which is likely much larger than just one
unit cell. Recent work, illustrates that texture growth along the
chromia (1e102) direction will also lead to exchange bias [87], so
even perfect texture growth is not required. Yet for most device
implementation schemes, the chromia thin film should be pinhole
free, so as to be able to use as a gate dielectric. Proof of a pin-hole
free thin film, in the thin film limit, rests generally on transport
measurements, with chromia as the dielectric in a tunnel junction
structure as in [56,57,96e98], with compelling proof of chromia as
a suitable dielectric in the thin film limit only for CrO2/Cr2O3/CrO2
structures [96e98].

8. Summary and conclusions

Cr2O3(0001) texture growth is favored on many substrates, and
generally robust regardless of lattice match. The STM, XPS and LEED
data demonstrate that oxidation of a thin Cr overlayer at 1000 K
yields an epitaxial, uniform single phase Cr2O3(0001) layer
10 Å ~ 20 Å thick that wets the Cu(111) substrate, even if the
deposition of chromiummetal does not. Cr deposition/oxidation on
Co(0001) also provides an Cr2O3 layer ~11 Å thick average thick-
ness, even if not epitaxial, stable to >1000 K in ultra high vacuum
(UHV), but accompanied by the formation of an interfacial Co oxide
layer ~3.5 Å thick. In both cases, the orientation of the chromia
lattice was aligned with that of the substrate, in spite of a lattice
mismatch. A mixed chromia/Cr metal or incomplete chromia oxide
phase, with hexagonal ordering, is formed by Cr deposition/
oxidation on a graphitic substrate. The metallic or incompletely
oxidized phases is at the oxide/graphite interface. Full oxidation of
this layer, followed by annealing to >800 K in UHV resulted in
etching of the graphitic carbon substrate.

The data demonstrate that ultrathin (<2 nm), continuous,
epitaxial chromia films can be grown on Cu and on Co substrates,
and that such films are stable to at least 1000 K in UHV. Of potential
practical interest is the fact that such films, whether on Cu or on Co
or indeed any other substrate, survive exposure to ambient air
without significant change to chemical composition or long range
order. Such stability does seem to occur, at least in some cases,
suggesting the practicality of such heterostructures for spintronics
and other applications. The advantages of Cu(111) and Co(111) are
that these are nonmagnetic and ferromagnetic metals, respectively,
that closely lattice matched and can be grown on each other, with
epitaxial growth, so the resulting Co(111) thin films exhibit low
coercivity [99]. From the perspective of magneto-electric “gated”
magnetic tunnel junction structure device [4,6,7], there is a
disadvantage in using cobalt as the free magnetic layer in combi-
nation with chromia as cobalt thin films on copper have little
perpendicularmagnetic anisotropy [99,100]. Exploitation of voltage
control of exchange bias by implementation of a soft free magnetic
layer with perpendicular magnetic anisotropy, through the
boundary magnetization of ultrathin chromia thin films, are chal-
lenges beyond the scope of this work and currently under inves-
tigation by a number of research groups. But key is that this work
here demonstrates that epitaxial growth is by no means essential
for thin film growth in combination with a magneto-electric oxide
such as chromia. Without question, as noted in the introduction,
exchange bias with the very thinnest chromia films (<2 nm) is not
possible. Regular exchange bias requires the antiferromagnet to
overcome some critical thickness, which is likely much larger than
just one unit cell.
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