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Interdiffusion-driven synthesis of tetragonal chromium (III) oxide on BaTiO;
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Interfaces play a crucial role in the study of novel phenomena emerging at heterostructures comprising metals
and functional oxides. For this reason, attention should be paid to the interface chemistry, which can favor
the interdiffusion of atomic species and, under certain conditions, lead to the formation of radically different
compounds with respect to the original constituents. In this work, we consider Cr/BaTiO; heterostructures grown
on SrTiO3 (100) substrates. Chromium thin films (1-2 nm thickness) are deposited by molecular beam epitaxy on
the BaTiOs; layer, and subsequently annealed in vacuum at temperatures ranging from 473 to 773 K. A disordered
metallic layer is detected for annealing temperatures up to 573 K, whereas, at higher temperatures, we observe
a progressive oxidation of chromium, which we relate to the thermally activated migration of oxygen from the
substrate. The chromium oxidation state is +3 and the film shows a defective rocksalt structure, which grows
lattice matched on the underlying BaTiO; layer. One out of every three atoms of chromium is missing, producing
an uncommon tetragonal phase with Cr,O; stoichiometry. Despite the structural difference with respect to the
ordinary corundum «-Cr,O; phase, we demonstrate both experimentally and theoretically that the electronic

properties of the two phases are, to a large extent, equivalent.
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I. INTRODUCTION

Interfacing metallic and oxide thin films provides both a
large variety of applications and a series of technological chal-
lenges. In fact, the possibility of combining metal oxides with
metallic layers is fundamental not only for microelectronics,
but also to provide a testbed for new physical phenomena,
which may arise from the combination of functional oxides
and metals. It is very well known, however, that the interfaces
between reactive metals and oxides may become unstable,
especially when exposed to high thermal load, as diffusion
of chemical species across the interface follows an Arrhenius-
type relation. Interestingly, interdiffusion can also lead to the
formation of new interfacial phases, such as transition-metal
oxides, which may exhibit novel properties [1-3].

In this work, we focus on the Cr/BaTiO3 system. BaTiO3
(BTO) is a prototypical ferroelectric oxide with perovskite
structure, widely employed for different applications, from
magnetoelectric coupling with metals [1,4,5] and oxides [6], to
electroresistive devices [7] even with memristive capabilities
[8], to dedicated applications exploiting its piezoelectric,
pyroelectric, and/or electro-optic properties [9]. Chromium is
a highly reactive 3d metal, relatively abundant on earth [10],
often used as an adhesion layer between noble metals and ox-
ides for the realization of electrical contacts in microfabricated
devices. Moreover, it is antiferromagnetic at room temperature

[11], with a bulk Néel temperature of 311 K, and can be
epitaxially grown on different substrates, both metals (e.g., Au
[12], Ag[13], and Fe [14]) and oxides (e.g., MgO [15], SrTiO3
[16], TiO; [17], and Al, O3 [18]). Because of the high chemical
reactivity, oxide underlayers can lead to Cr oxidation under
particular growth conditions. For example, Ref. [16] reports
a detailed study of Cr growth by electron beam evaporation
on SrTiO3 (STO) substrates. Reference [19] demonstrates
the oxygen diffusion from STO across the interface when
the film is heated above 900 K and reports the formation
of a chromium oxide layer whose chemical composition and
crystallographic structure could not be detected unequivocally.
The temperature at which this solid-state reaction begins was
found to be strongly dependent on the electronic structure of
the oxide itself [20]. For this reason, given the chemical and
structural similarities between BTO and STO, it is interesting
to understand what happens at the Ct/BTO interface and to
determine the conditions for which the interface between these
two materials is stable.

To this end, we performed a systematic study of Cr ultra-
thin (1-2 nm) films, grown by molecular beam epitaxy and
followed by annealing at different temperatures, on BaTiO3
(001) underlayers. Using x-ray photoelectron spectroscopy
(XPS), we verified that a metallic Cr interface is maintained
for annealing temperatures up to 573 K, whereas higher
temperatures lead to the oxidation of the Cr layer. By combin-
ing x-ray photoelectron diffraction (XPD), x-ray absorption
spectroscopy (XAS), low-energy electron diffraction (LEED),
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electron energy-loss spectroscopy (EELS), and density func-
tional theory (DFT), we verified that the chromium oxide
resulting from oxygen interdiffusion represents an uncommon
tetragonal phase of Cr,O3, which gets stabilized by the epitaxy
on BTO. We also discuss how, despite the different structural
phase, the chemical and electronic properties of tetragonal
chromium oxide are similar to those of bulk Cr,Os.

II. EXPERIMENTAL SETUP AND COMPUTATIONAL
DETAILS

The growth of Cr/BTO heterostructures was performed by
means of pulsed laser deposition (PLD) and molecular beam
epitaxy (MBE) in a cluster tool where both techniques, as well
as characterization tools (XPS, XPD, LEED, and RHEED), are
available in situ [21].

Thirty-nm-thick BTO films were grown on commercial
SrTiO3 (001) substrates by PLD in a dedicated chamber. The
whole process was carried out in an oxygen atmosphere of
53.3 pbar. Before the growth, annealing of the substrate at
1000 K for 30 minutes was performed in order to clean and
order the surface. Following a growth procedure previously
optimized to realize epitaxial ferroelectric thin films [22], a
quadrupled Q-switched Nd:YAG laser (266 nm), providing
7-ns-long pulses with a fluence of 5.6 J /cm?, has been operated
at a repetition frequency of 2 Hz to generate a plasma from a
stoichiometric target. The substrate temperature was kept at
873 K during the deposition. The growth was followed by an
annealing in 0.5 bar of oxygen at 8§73 K. Chromium layers with
1 or 2 nm thicknesses were deposited by MBE in ultrahigh
vacuum (UHV) conditions (chamber pressure <107’ mbar).
During the process, the substrate was maintained at room
temperature and the deposition rate was set to about 1 A / min,
as calibrated with a quartz microbalance, and later confirmed
by XPS analysis. Subsequently, Cr films were annealed in
vacuum at temperatures ranging from 373 to 773 K for
20 minutes.

The chemical and structural properties have been investi-
gated in situ by XPS and XPD as a function of the annealing
temperature. Photoelectrons were excited by standard Al-
Ko x-ray source and collected by a hemispherical energy
analyzer (HEA), Phoibos 150 (SPECS GmbH), yielding an
acceptance angle of £2.5°, a field view of ~1.4 mm?Z, and an
energy resolution of 1.03 eV. Due to the lack of any carbon
contamination on the samples, the O 1s peak of BTO has been
used instead as the reference at a binding energy of 530.1 eV
[23,24].

Ex situ characterization has been carried out on a 2-nm-thick
chromium oxide on BTO. The chemical stability of this oxide
in ambient conditions, required for ex situ studies, has been
confirmed by repeating XPS measurement after prolonged air
exposure of the sample, verifying a consistent overlap between
photoemission spectra (data not shown).

The oxidation state of the 2-nm-thick Cr layer annealed at
773 K has been determined by XAS at the APE-HE beam line
of the ELETTRA synchrotron facility [25] by measuring the
total electron yield (TEY) at Cr L,3 and O K edges at room
temperature.

This sample was also studied with a JEOL 2100F (Schottky
source) transmission electron microscope (TEM). The sample

was prepared for TEM via a standard focused ion beam (FIB)
lift-out procedure, with final FIB thinning performed with
5 keV Gaions and subsequent ion milling with 3 keV Ar ions.
The structure of the Cr/BTO interface was investigated with
high-resolution (HR) TEM, whereas the oxidation state of the
Crand BTO films was studied with STEM and direct-detection
(DD) EELS [26]. For EELS, a dispersion of 0.125 eV /channel
was used with a collection semiangle of 30 mrad.

First-principles density functional theory calculations were
performed within the generalized gradient approximation
(GGA) by using the plane-wave VASP [27] package. We
adopted the PBEsol for the exchange-correlation functional
[28] to determine the unknown internal coordinates, as it was
shown to give excellent results for transition-metal oxides.
The Hubbard U effects on the Cr sites were included within
the GGA + U [29] approach using the rotational invariant
scheme [30]. Using a value of the Hund coupling constant
Ju = 0.15U, we performed the calculations for U = 0, 3,
and 6 eV, where the latter value is generally used for ionic
Cr compounds. The core and the valence electrons were
treated with the projector augmented wave method [31] and
an energy cutoff of 400 eV for the plane-wave basis was used.
We assumed the experimental crystal symmetry for Cr,O3 in
bulk form, neglecting the influence of the BTO interface. To
reproduce the defective rocksalt structure, we used a supercell
where the lattice constants of the supercell are ag,p, = a/ V2,
bsup = 3asup, and cqp = c. We fixed the lattice parameters to
the experimental values and performed the relaxation of the
internal degrees of freedom by minimizing the total-energy
difference to less than 10> eV and the remaining forces to less
than SmeV/ A. In this symmetry, the Cr atoms are equivalent,
while there are two types of oxygens. A 12 x 4 x 6 k-point
Monkhorst-Pack grid [32] was used for the Brillouin zone
sampling.

III. RESULTS

A. Chemical properties
1. Thermal stability

In order to evaluate the chemical stability of Cr thin films on
BTO, XPS has been performed on as-deposited and annealed
samples. Figure 1(a) presents the Cr 2p peak measured for
different annealing temperatures on a Cr (1 nm)/BTO (30 nm)
bilayer. In the as-grown sample, (i) both the binding energy
(BE = 574.35 £ 0.15eV) and the shape of the Cr 2p3,, peak
point towards a zero-oxidation state. After annealing at 473 K
(i) and 573 K (iii), no evident modifications are found, thus
indicating that the metallic character of Cr is preserved.

In contrast, following the annealing at 673 K (iv), the peak
position slightly moves towards higher BE and a shoulder
appears on its left side. These features can be ascribed to the
appearance of an oxide component in the Cr film. Finally,
the annealing carried out at 773 K (v) results in the almost
complete oxidation of the chromium layer, as can be inferred
from the radical change in the peak shape and the shift of its
maximum to definitely higher BE (576.7 & 0.15 eV). The peak
is fitted by two doublets corresponding to metallic [dashed
line in Fig. 1(a)] and oxidized [dotted line in Fig. 1(a)]
components, after subtraction of a Shirley background due
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FIG. 1. (a) Cr 2p spectra as measured by XPS as a function
of the annealing temperature. The peak is fitted by two doublets
corresponding to metallic (dashed line) and oxidized (dotted line)
components. (b) Cr 2 p/Ti 2 p ratio for as grown and annealed samples

(473 and 573 K) as a function of the take-off angle. The dashed line
represents the data fit by Eq. (1).

to inelastic electron scattering. The metallic content is about
13%, evaluated as the ratio between the areas of the metallic
components and of the whole structure (metallic + oxide).
This can account for disordered Cr atoms not embedded in the
Cr oxide structure, but it does not affect the following analysis.

We note that the progressive oxidation of the Cr layer on
BTO is obtained by annealing the samples at a temperature
significantly lower with respect to the case of an undoped STO
(where the oxidation process begins only above 900 K) [17].
This difference should not be ascribed to the possible presence
of crystal defects in the BTO film, as defects purposely
introduced in STO do not affect the interface stability [20].
Rather, the moderate thermal load required for the oxidation
of a Cr overlayer on BTO should be regarded as an intrinsic
property of this system.

The ratio between the intensities of Cr 2p and Ti 2p peaks
and its angular dependence has also been verified. As shown in
Fig. 1(b), annealing up to 573 K does not produce any sensible
change, ruling out any significant interdiffusion of the metallic
species across the interface. Data for annealing above 573 K
are not shown since the modulation of Cr 2p intensity due
to photoelectron diffraction (see Sec. III B) heavily affects the
angular dependence of the Cr/Ti ratio.

The data shown in Fig. 1(b) can be fitted by Eq. (1) [33],
representing the ratio between Cr and Ti intensities measured
on the Cr/BaTiO; bilayer. Cr is assumed to have a finite and
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FIG. 2. (a) Comparison of normalized Cr 2p peak measured at
normal (6 = 0°) and grazing (8 = 60°) incidence after the annealing
at 673 K. The peak is fitted by two doublets corresponding to metallic
(blue dashed line) and oxidized (green dash-dotted line) components.
(b) Ti 2p spectra at grazing incidence (take-off angle 6 = 60°)
following the annealing at 573, 673, and 773 K.

uniform thickness (dc;), whereas BaTiO; (BTO) is taken as
semi-infinite:

Ier _ Neo her 1 — exp(—dcy/Acy cos 6)
It Nmi Atigro)  exp(dcr/Aiccr) c0s6)

ey

Ic; and Iy; are the Cr 2p3, and Ti 2p intensities, as
measured by XPS; N¢; and Ny are the Cr and Ti atomic
densities; Ac is the Cr 2p3/, electron escape depth (1.54 nm);
Atiro) and Aricr) are the Ti 2p electron escape depths in
BTO (1.94 nm) and Cr (1.73 nm). The escape depths were
calculated with the Tanuma-Powell-Penn formula [34]. The Cr
thickness result is 0.9 nm, coherent with the nominal thickness
(1.0 £ 0.1 nm) calibrated by the quartz microbalance. The
good agreement of the angular dependence of the Cr/Ti ratio
with the uniform layer model indicates a mostly planar growth
of the Cr layer.

To verify whether the oxidation process occurring for
temperatures above 573 K is related to the thermally activated
migration of oxygen from the BTO or to residual gases in the
UHV chamber, we performed angle-resolved measurements.
The normalized spectra collected at 0° and 60° take-off angles
after the annealing at 673 K are presented in Fig. 2(a). The
peaks are fitted by two doublets corresponding to the metal-
lic and oxidized components, after subtraction of a Shirley
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background due to inelastic electron scattering, as above [see
Fig. 1(a)]. The line shape of as-grown Cr has been used to fit
the metallic peak, whereas a Gaussian-Lorentzian line shape
has been used for the oxide components. Due to the reduced
thickness of the film (1 nm) with respect to the electron escape
depth (1.54 nm [34]) of photoelectrons coming from the Cr
2p peak, XPS is sensible to the whole film, with grazing
incidence (0 = 60°) offering increased surface sensitivity and
normal incidence (6 = 0°) containing more signal from the
BTO interface.

Looking at Fig. 2(a), the oxide component (green dash-
dotted line) is observed in both spectra, but is relatively larger
in the spectrum taken at normal incidence. The reduction
of the oxide doublet at grazing incidence thus excludes a
surface oxidation related to oxygen residuals possibly present
in the UHV chamber, and suggests instead a migration of
oxygen from the underlying BTO whose increased mobility
at 673 K promotes interdiffusion. Using the simple model
for the expected relative intensities of the oxide and metallic
components in XPS spectra reported in Ref. [33] by some of
the authors, we can estimate a value of 3.3 + 0.4 A for the
thickness of the Cr oxide layer at the BTO interface, in the
hypothesis of layers of uniform thickness.

Consistent with our picture of oxygen migrating from BTO,
we also observe that as the Cr layer gets oxidized following the
annealing at 773 K, the Ti 2 p spectrum changes from a single
doublet corresponding to only Ti** states to a broader structure
indicating the presence of Ti** states. Figure 2(b) shows the
evolution of the Ti 2p XPS spectra after the annealing at
573, 673, and 773 K. The spectra taken at grazing incidence
(take-off angle 6 = 60°) are reported as they have the largest
sensitivity to the BTO interface. Even though partial oxidation
of chromium is already observed after the annealing at 673 K,
no clear difference is found in the Ti 2p line shape. The
situation is radically different in the case of the annealing at
773 K. In this case, part of the titanium is reduced as made
evident by the broadening of the structure with an additional
peak at lower binding energies.

2. Oxidation state

To identify the chromium oxidation state, in situ XPS and
ex situ XAS have been performed on the Cr film annealed
at 773 K. From XPS [see Fig. 1(a), bottom curve], a +3
oxidation state can be inferred, with the experimental chemical
shift of the Cr 2p3,, peak (2.27 & 0.18 eV) consistent with the
tabulated one for Cr,O3 (2.30 £ 0.42¢V) [35]. In the same
way, the measured spin-orbit splitting AE =9.8 £0.1eV
matches the one of the reference Cr,O3; [36]. This is not
unexpected because Cr,O; presents the lowest formation
enthalpy (-1139.7kJ/mol) with respect to other Cr oxides
(—286.8 kJ/mol for CrOs, —81.3kJ/mol for CrO,, and 198.3
kJ/mol for CrO) [37].

XAS, performed at the Cr Ly; and O K edges, confirms
this result. Figure 3(a) shows the XAS spectra at the Cr L3
edge measured on the 2-nm-thick Cr film annealed at 773 K
and on the reference a-Cr,03 [38], CrO, [39], CrO3 [40], and
CrO [41] samples. The striking similarity between the XAS of
Cr,03 and our experimental data confirms the XPS prediction
of a 43 Cr oxidation state. The other possible oxidation states,
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FIG. 3. (a) XAS at the Cr L edge of Cr oxide on BTO (black
curve) and reference spectra for a-Cr,05 [38], CrO, [39], CrO; [40],
and CrO [41]. (b) XAS at the O K edge of Cr oxide on BTO (black
curve) and reference o-Cr,O5 (green dashed curve) [43]. In red, the
oxygen p-projected density of states (DOS) calculated from DFT on
a defective rocksalt Cr,O; structure is superimposed to match the
experimental peaks.

42 (as in CrO), +4 (CrO;), and +6 (CrOj3), can be ruled
out because the corresponding XAS spectra are definitely
different. The same indication has been found comparing
the experimental O K edge, highly sensitive to the chemical
environment [42], of the 2-nm-thick Cr film annealed at 773 K
and of bulk «-Cr, 03 [43] [Fig. 3(b)]. In this case, we cannot
rule out the spurious contribution to the signal from oxygen
in BTO due to the reduced thickness of our Cr oxide layer
(from now on, simply called CrOx). Nevertheless, the largest
part of the total electron yield signal comes from the surface
(i.e., from CrOx) and a good qualitative agreement between
the two curves is found. As we will discuss in the following
sections, even if the structure of CrOx/BTO differs from the
o phase of Cr,03, XAS and DFT show that the stoichiometry
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FIG. 4. (a) XPD curves of Cr 2p3,,, with 1 nm nominal thickness
and after annealing at 773 K, along the [ 100] (blue empty dots, bottom)
and [110] (red dots, top) azimuths of the substrate; in the inset, XPD
curves of O 1s, with the same azimuth of Cr 2p;/,, are reported.
(b),(c) Atomic arrangement in the (010) and (110) planes of a rocksalt
structure.

and the electronic properties are largely comparable between
these two Cr oxides.

B. Structural characterization

The structure of the Cr layer has been monitored after each
annealing step by XPD. The Cr2ps3,, and O s peak intensities
were recorded along the [100] and [110] azimuths of the BTO
layer. Up to annealing at 573 K, no trace of crystal order has
been found. In this annealing regime, Cr is metallic without any
oxidation shoulder, as shown by Fig. 1(a): this means that with
the Cr preparation procedure we adopted, it is not possible
to obtain ordered Cr films with metallic character on BTO
underlayers.

Conversely, on oxidized films, a clear diffraction signal
can be observed due to the appearance of a crystal order.
Figure 4(a) shows the XPD signal for Cr 2 p3,», measured on a
773K annealed sample with 1 nm Cr nominal thickness, along
the [100] (blue empty dots) and [110] (red full dots) azimuths
of the STO substrate. Note that BTO grows cube on cube on
STO, so that BTO[100]//STO[100] and BTO[110]//STO[110].

Figures 4(b) and 4(c) represent the atomic arrangement in
the (010) and (110) planes of a rocksalt structure, respectively.
The main forward scattering directions for each atomic species
[e.g., the black dots in Figs. 4(b) and 4(c)] are reported: [103]
and [101] in the (010) plane, [112] and [111] in the (110) plane.
The corresponding diffraction angles (i.e., the angles between
the scattering directions and the surface normal) are only
slightly overestimated (within 3%) with respect to the positions
of the experimental peaks in Fig. 4(a). This implies a quite

good crystal order because peaks are clearly emerging from the
background, with a small in-plane compression of the rocksalt
cell(c/a > 1) (see Sec. S1 of the Supplemental Material for the
comparison between experimental and calculated diffraction
angles [44]).

The positions and the relative intensities of the XPD
peaks are compatible with a cubic lattice, with the same
orientation of the substrate. The epitaxial orientation re-
lationships thus are CrOx[100]/BTO[100]/STO[100] and
CrOx[110]//BTO[110]//STO[110]. Moreover, the presence of
the peaks corresponding to directions [112] and [103] along the
[110] and [100] azimuth, respectively, reveals a face-centered
structure. In fact, these directions present a larger atomic
density in an FCC lattice [see, for instance, black dots in
Figs. 4(b) and 4(c)], whereas a single cubic structure would
present a dominant peak along [102] over [103], and a body-
centered structure would also present a dominant peak along
[113] over [112]. An analogous behavior is also found when
considering the O 1s peak, as shown in the inset, indicating that
a similar FCC coordination is present in the oxygen atoms as
well. In the partially oxidized film annealed at 673 K, the XPD
signal is fundamentally the same as the 773 K annealed film,
with only minor differences. In all cases, the XPD features
come from the oxidized part of the Cr film only. In fact,
XPD indicates a cube-on-cube growth, whereas in the case of
metallic Cr, a 45° rotation will be expected in order to reduce
the in-plane mismatch (the nominal in-plane lattice parameters
of Cr and BTO are 0.2885 nm and 0.3992 nm, leading to
2.2% mismatch for 45° rotation and 27.7% for cube-on-cube
orientation). Finally, note that the XPD quality is quite high,
with peaks clearly emerging from the background, even if the
nominal Cr thickness is very low (1 nm).

Electron-diffraction patterns from low-energy electron
diffraction (LEED) and reflection high-energy electron diffrac-
tion (RHEED) appear in the 773 K annealed film, as shown in
Fig. 5, whereas they were not detectable after the annealing at
673 K. This further confirms that the structural order improves
as the amorphous Cr metallic component gets oxidized. The
oxidation of Cr and the crystallization of CrOx occur concur-
rently, with both processes originating at the Cr/BTO interface,
and ordering of the film is achieved alongside oxidation.

Figure 5(a) shows the LEED pattern of BTO at an electron
energy of 142 eV. The white arrow indicates the [100] direction
of the STO substrate. The LEED taken on CrOx at the same
energy [Fig. 5(b)] clearly shows the same fourfold symmetry.

The RHEED patterns of CrOx collected with 30 keV
electrons on the [100] and [110] azimuths of STO, shown in
Figs. 5(d) and 5(f), respectively, confirm the epitaxial relation
between the CrOx and BTO. The modulation of the intensity of
the streaks that can be observed indicates a three-dimensional
(3D) morphology of CrOx that can be related to surface
roughening promoted by the annealing at 673 and 773 K.

The combination of XPD and electron diffraction indicates
that CrOx presents a rocksaltlike structure in which both Cr
and O atoms share the same coordination. Indeed, in order
to account for the +3 oxidation state, 1/3 of the Cr sites
must be vacant, as in the case of defective rocksalt Cr (III)
oxide epitaxially grown by evaporating metallic Cr on MgO
in an ozone atmosphere [45]. Note that this structure is quite
uncommon for Cr,Osz, which typically crystallizes in the
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CrOx/BTO

BTO

FIG. 5. (a) LEED pattern at 142 eV; the white arrow indicates
the [100] direction of the STO substrate. (b) LEED pattern at 142 eV
of CrOx. (c),(d) RHEED patterns, taken over the [100] azimuth of
the STO substrate, of BTO and CrOx, respectively. (e),(f) RHEED
patterns, taken over the [110] azimuth of the STO substrate, of BTO
and CrOx, respectively.

corundum «-Cr, O3 or in the defective spinel y-Cr,O3 phases.
In our case, the o phase can be excluded being hcp [46],
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whereas the y phase would imply a supercell structure that
is not shown by electron diffractions [47].

Advanced structural and chemical characterization have
been performed by high-resolution (HR)-TEM and STEM-
EELS, respectively, on an oxidized Cr film, annealed at 773 K,
with 2 nm nominal Cr thickness (Fig. 6). Figure 6(b) shows
a HR-TEM image of the CrOx/BTO interface. A Pt cap-
ping layer—deposited prior to sample preparation to protect
the CrOx film—is observed above the CrOx layer. Fig-
ure 6(b) verifies the epitaxial relation between the synthe-
sized oxide and the BTO suggested by diffraction. A cubic
structure compatible with the one proposed is found, with
CrOx[100]//BTO[100] and CrOx[001]/BTO[001]. Extraction
of the lattice parameters of CrOx from TEM gives an in-plane
parameter a = 3.99 £ 0.03 A and an out-of-plane parameter
c=4.09+£0.04 fA, considering the conventional rocksalt cell
(the error in extracting lattice parameters with HR-TEM was
determined by taking the standard deviation from multiple
images and measurements). This corresponds to a small in-
plane compression (c/a = 1.02), as qualitatively predicted by
XPD too (see Supplemental Material, Sec. S1 [44]). Note that
this growth mode guarantees the lattice matching between
CrOx and BTO, with a 0.05% =+ 0.86% in-plane mismatch.

It is worthwhile to note that other Cr oxides with cubic or
tetragonal structure could be potentially grown epitaxially on
BTO. CrO, for instance, presents a perfect rocksalt structure
with conventional cell size a = 4.16 A [48] (lattice mismatch
with BTO 4%). Besides being a very unstable compound and
difficult to grow in thin films [41], it should be definitely
excluded in our case since we observe Cr in the 34 oxidation
state. The tetragonal CrO, with an in plane parameter a =
4421 A [48] can be excluded for the same reason as well.
Finally, defective spinel y-Cr,O3, which is isomorphous to
y-Fe;03 (a = 8.330 A [48]), could grow on a 2 x 2 BTO
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FIG. 6. (a) STEM-EELS spectra at the O K and Cr L edges within the CrOx film. (b) Fourier-filtered HR-TEM image of the CrOx/BTO
interface showing epitaxial relations between the layers. (¢) Low-magnification TEM image of the sample. (d) STEM-EELS spectra at the Ti

L and O K edges within the BTO layer.
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a

FIG. 7. Crystal structure of the defective rocksalt Cr,O5 after
atomic relaxation. Cr and O atoms are shown as blue and red balls,
respectively. CrOg octahedra are shown in light blue.

supercell with 4% lattice mismatch. This supercell structure,
however, is not shown by electron diffractions of CrOx. Finally,
we note that the defective rocksalt phase can also grow lattice
matched on MgO substrates (a = 4.217 A). In that case, the
unrelaxed film would have a tensile strain and the out-of-plane
parameter would result in ¢ = 3.892 A [45].

C. Density functional simulations

To understand the impact of the defective rocksalt structure
on the electronic properties of CrOx/BTO, DFT calculations
have been performed using the information inferred from
XPD and TEM. The unit cell used is composed of six O and
four Cr atoms, as suggested in the literature [45]. Starting
from the atomic positions of the perfect rocksalt structure
and performing ab initio atomic relaxations, we find a strong
displacement of the oxygen atoms. The charged O atoms tend
to move away from the Cr vacancies for electrostatic reasons.
The final crystal configuration of the defective rocksalt is
reported in Fig. 7 (see Sec. S2 of the Supplemental Material
for the crystal structure model file [44]). Differently from the
perfect rocksalt structure, we observe CrOg octahedra with
nonequivalent Cr-O bonds and bond angles different from 90°.

The nonequivalent Cr-O bonds in-plane are 1.948 A and
1.953 A, whereas the Cr-O distance out-of-plane is 2.054 A.
These values are comparable with the corundum Cr, O3 phase,
where the Cr-O distances are 1.965 A and 2.016 A [49]. The in-
plane Cr-O-Crbond angles are 87.3°,92.7°, and 93.0°, whereas
the out-of-plane Cr-O-Cr bond angle is 93.8°. The in-plane
Cr-Cr distances are 2.70 A and 2.83 A, whereas it is 2.92 A for
the out-of-plane distances. In the corundum Cr, O3 phase, the
Cr-Cr distances are 2.65 A and 2.89 A, as well comparable to
our optimized values in the defective structure.

If we consider the space group Immm, the tetragonal phase
strongly differs from the corundum one; however, in both
cases, the local coordination is similar: Cr is surrounded by
six oxygens forming a CrOg octahedron with similar Cr-O
distances. Therefore, the physical behavior of the Cr states at

the Fermi level is expected to be similar. Furthermore, in both
cases, we have distorted octahedra with a crystal field splitting
the d manifold into #,, and the e, states.

The Cr defect reduces the connectivity of the Cr sublattice,
which is in turn expected to decrease the Cr bandwidth,
favoring the antiferromagnetic insulating states, as in other
transition-metal compounds [50-52]. Indeed, the number of
first neighbors in the Cr sublattice is 12 for the perfect rocksalt
and becomes seven in the defective rocksalt. Due to the
randomness of the Cr holes in the structure, we can assume
that every Cr atom has seven first neighbors on average.
The connectivity is one of the main differences between the
tetragonal and corundum structure. Indeed, the number of first
neighbors in the Cr sublattice is five for the corundum phase
and seven for the tetragonal phase of the Cr,O3. The octahedra
are corner shared in the tetragonal phase, whereas face-shared
and edge-shared octahedra are present in the corundum phase.

In Fig. 8(a), we show the density of states (DOS) for the
defective rocksalt and the corundum phase using U = 0 and
6 eV. In both cases, the system shows an insulating behavior
and the low-energy region is dominated by the 3d Cr electrons.
The defective rocksalt phase has a smaller energy gap due to
the reduced number of nearest neighbors in the Cr sublattice.
As expected, there are three electrons on every Cr atom that
occupy the 75, majority spin states.

With U = 0, the system presents a 0.8 eV energy gap for
the defective rocksalt phase and a 1.0 eV energy gap for the
corundum phase [see Fig 8(a), top panel]. As can be seen from
Fig. 8(b), the oxygen states are mainly located between —7.5
and -2.5eV from the Fermi level. The occupied majority Cr
electrons [Crup in Fig. 8(b)] lie between —1.5 eV and the Fermi
level, whereas the unoccupied majority electrons are located
between 0.8 and 3.0 eV. The minority electrons [Cr down in
Fig. 8(b)] are predominantly located between 1.5 and 4.5 eV.

Upon increasing U, the size of the gap increases: for U = 0,
3, and 6 eV, the gap is 0.8, 2.1, and 3.2 eV, respectively, for
the defective rocksalt. On the other hand, the bandwidth is
barely affected. The band gap of the defective rocksalt is always
lower than the gap of the corundum phase, which in the case
of U =6eVis3.7eV.

As we can see from the bottom panel of Fig. 8(a), at
U = 6¢eV, the increase of the gap pushes the occupied d
states towards the oxygen states, therefore increasing the
hybridization between d and p states. In this case, the oxygen
states are between —6.5 and —1.5eV. The occupied majority
Cr electrons lie mostly between —2.0 eV and the Fermi level,
whereas the unoccupied majority electrons are between 3.2
and 5.0 eV. The minority electrons are mainly located between
4.0and 7.0 eV.

As discussed in Sec. IIT A2, XAS spectra are very similar
to those of corundum «-Cr,03, indicating a strong analogy
in the electronic structure of the two systems. This can be
indeed related to the similar octahedral coordination of Cr
with oxygen atoms, leading to similar crystal-field splitting
of the d states. The O K XAS allows for a direct comparison
between the calculated electronic structure and experimental
data, since multiplet effects are not observed in the absorption
spectra of ligands in transition metals [42]. From the DFT, we
obtain that the first peak of the O K XAS indeed corresponds
to the 3d contribution to the DOS, highlighted by an arrow on
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the first peak of Fig. 3(b). On the contrary, for the prediction
of Cr-L XAS, a ligand field multiplet theory should be used
so that we cannot directly compare it with the DFT-based
DOS. We recall that following dipole selection rules, O 1s
core electrons can be excited only to p states and it has been
shown that a good correspondence can be found between the
oxygen p states calculated within DFT and the oxygen K
absorption spectra. Indeed, when the simulated oxygen p-
projected DOS for Cr, O3 empty states is reported in Fig. 3(b), a
clear correspondence between the O K XAS and the predicted
empty states is found.

D. Oxidation state depth profiling

Coming back to chemical properties, we consider STEM-
EELS spectra at the O K and Cr L edges [Fig. 6(a)] within
the CrOx film and the Ti L and O K edges within the BTO
underlayer [Fig. 6(d)] in order to give a deeper insight on the
oxidation process that leads the Cr layer to become a CrOx film.

In Fig. 6(a), we report the EELS spectra of O K and Cr L
edges in the CrOx layer, taken at 5 A step sizes through the film
using a probe size of 2 A. The recorded zero loss peak (ZLP)
full width at half maximum (FWHM), an estimation of the
energy resolution, was measured to be 1.25 eV. No peak shift
in either edge is observed, indicating that the oxidation state
within the CrOx film is uniform. A straightforward method
to extract the Cr oxidation state by EELS is to measure the
energy difference between O K and Cr L3 edges, which acts
as a measure of the binding energy difference between the Cr
2p3/2and O 1s core levels [53]. This difference, extracted using
the edge-onset method [54], is 46.5 eV, which is consistent
with a 43 oxidation state, as already predicted by both XPS
and XAS.

In Fig. 6(d), we present EELS spectra of the O K and Ti L
edges in the BTO layer. For this measurement, the ZLP FWHM
was 0.8 eV. To correct for drift of the microscopes high-voltage
supply, spectra were aligned based on the Ba M edge. A clear
trend is observed in the O K -edge fine structure when moving
from the CrOx/BTO interface towards the BTO/STO interface.

The O K prepeak, labeled “a” in Fig. 6(d), is barely observed
at the CrOx/BTO interface; however, this feature continuously
grows in strength when moving towards the STO. The absence
of the O K prepeak in BTO is associated with oxygen vacancies
[55,56]. With the presence of oxygen vacancies, a shift from
Ti** to mixed Ti**/Ti’* is expected in order to maintain
charge neutrality (Ba is stable at 42 having the inert electronic
configuration of noble gas Xe). Looking at the Ti L edge,
two trends are observed when moving from the CrOx/BTO
interface to the BTO/STO interface. First, the Ti L, and L3
peaks shift to higher energy (by about ~0.2 eV), and second,
the ;¢ peaks become more pronounced. Both observations
indicate that the Ti within the BTO is partially reduced at the
CrOx interface, and that the oxidation state increases towards
the nominal value of 44 when moving towards the STO
[57]. The spatially modulated O vacancy concentration and Ti
oxidation state support the hypothesis that the oxidation of the
Cr film is the result of thermally activated diffusion of O from
the underlying BTO film. Note that by comparison with the
literature [58,59], we found than even near the CrOx interface,
Ti is much closer to +4 than +3, indicating only a moderate
deoxygenation of the BTO layer, which could be relevant in
order to preserve its ferroelectric properties.

IV. CONCLUSIONS

In this work, we discuss the chemical and structural prop-
erties of Cr thin films (1-2 nm thickness) grown by MBE on
a BaTiO3/SrTiO3 (100) template. In sifu postannealing was
performed at temperatures ranging from 473 to 773 K. A disor-
dered metallic layer was detected for annealing temperatures
up to 573 K, whereas at higher temperatures, we observed
a progressive oxidation of the chromium layer, which we
related to the thermally activated migration of oxygen from
the substrate. From XPS, XAS, and EELS, a +3 chromium
oxidation state was found. XPD, electron diffractions, and
TEM showed a defective rocksalt structure, with one out of
every three atoms of chromium missing in order to preserve the
stoichiometry (Cr,O3). The structure grows lattice matched on
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the underlying BaTiO; layer. Despite the structural difference
with respect to the corundum «-Cr, O3 phase, we demonstrated
both experimentally (XAS) and theoretically (DFT) that the
electronic properties are basically equivalent. This can be
ascribed to the similar octahedral coordination of oxygen
atoms, leading to similar crystal-field splitting of the d states in
the two configurations. Magnetic measurements are in progress
in order to confirm the antiferromagnetic character of the film,
as predicted by DFT calculations.
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