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ARTICLE INFO ABSTRACT

Keywords: In the last decade, reducing the dimensionality of materials to few atomic layers thickness has allowed exploring
2D oxide new physical properties and functionalities otherwise absent out of the two dimensional limit. In this regime,
Interfaces . interfaces and interlayers play a crucial role. Here, we investigate their influence on the electronic properties and
Elrezgtzomc properties structural quality of ultrathin CryO3 on Pt(111), in presence of a multidomain graphene intralayer. Specifically,
Graphene by combining Low-Energy Electron Diffraction, X-ray Photoelectron Spectroscopy and X-ray Absorption Spec-

troscopy, we confirm the growth of high-quality ultrathin CryO3 on bare Pt, with sharp surface reconstructions,
proper stoichiometry and good electronic quality. Once a multidomain graphene intralayer is included at the
metal/oxide interface, the CroO3 maintained its correct stoichiometry and a comparable electronic quality, even
at the very first monolayers, despite the partially lost of the morphological long-range order. These results show
how ultrathin Cr,03 films are slightly affected by the interfacial epitaxial quality from the electronic point of

view, making them potential candidates for graphene-integrated heterostructures.

1. Introduction

The first isolation of graphene (Gr) [1] in 2004 opened the way to the
investigation of a plethora of low-dimensional materials, whose prop-
erties in the 2D limit were often deviating from their respective bulk
ones. The investigation of 2D systems became a challenge involving
several fields of research [2-5] and stimulating the design of hetero-
structures aimed to realize new technological devices [6,7].

In this framework, interfaces are expected to play a key role, espe-
cially in the case of ferromagnetic- (FM) and/or antiferromagnetic- (AF)
based spintronic systems [8,9], since long-range order is generally
required to establish controlled magnetic properties. In particular, in the
case of 2D AF oxides the strong correlation between structural and
magnetic properties makes the requirement of long-range order even
stronger [10,11]. For this reason, the control of the epitaxial growth and
the evaluation of the electronic properties are mandatory starting re-
quirements for their further exploitations in potential innovative tech-
nological applications.

Recently, 2D AF oxide nanostructures interfaced with metallic
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substrates have attracted great attention [12-14], since this combina-
tion allows exploiting the conductive substrate to determine and
sometimes manipulate the electronic properties of the interfacial 2D
oxide. In this context, chromium oxide (Cry03) represents a particularly
intriguing case due to the variety of its properties. Being active in the
catalytic dehydrogenation of alkanes [15], it is widely investigated for
catalytic oxidation reactions, particularly in relation to the elimination
of environmentally-unfriendly compounds [16]. Together with this, it is
a magnetoelectric material with antiferromagnetic order, with a Néel
temperature of 307 K in the bulk form [17-19], making it a widely
investigated material also in relation to the rapidly developing field of
antiferromagnetic spintronics [20]. Once in thin film form, structural
and interfacial properties modify its magnetic response, with a general
reduction of its Néel temperature [21,22]. Cro0g3 thin layers are usually
grown on metal supports (for instance bare Pt and Cu) by evaporating
metallic Cr in oxygen atmosphere, thus resulting in morphologically
well-ordered films [23,24]. Recently, a high-quality CryO3 ultrathin film
was achieved on an epitaxial Gr layer grown on a ferromagnetic Ni(111)
single crystal, thus demonstrating the layer-by-layer growth of
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chromium oxide on Gr/Ni [25]. The electronic structure of the Cry03/Gr
interface was then investigated by using the first-principles density
functional theory (DFT) calculations and angle-resolved photoemission
spectroscopy (ARPES) [26]. ARPES results show the existence of pre-
dicted mid-gap interfacial states, demonstrating that the spin direction
of mid-gap states can be manipulated by the substrate magnetization
direction. Therefore, the insertion of a Gr interlayer at the metal/oxide
interface has a key role for possible implementations in spintronic de-
vices, since it could act as a bottom electrode below the magnetoelec-
tric/AF layer in an integrated graphene-based device. However,
graphene properties are significantly affected by the substrate on which
it is grown: when graphene grows on Ni(111) single crystal, its band
structure is strongly hybridized with that of Ni [27]; on other substrates,
such as Pt, graphene acts as a quasi-free standing layer [28]. This
drastically different graphene behavior, due to the different interaction
with the substrate, stimulates further investigations of its growth on
non-FM substrates as a starting step for spintronic-oriented multilayer
heterostructures.

In this context, here we present a comparative investigation on the
electronic properties of ultrathin CryOs3 films on Pt(111) and Gr/Pt
(111) templates. By combining Low-Energy Electron Diffraction
(LEED), X-ray Photoemission Spectroscopy (XPS) and X-ray Absorption
Spectroscopy (XAS), we report on the growth of high-quality and stoi-
chiometric Cr03 from the first monolayers (MLs) on bare Pt. Once the
Gr intralayer is included, CryOs3 films maintain their stoichiometric and
electronic properties mostly unaltered, despite the growth on an inho-
mogeneous patchwork of rotated Gr domains. These results prove the
high stability of the electronic properties of ultrathin Cr,Os, which do
not require ideal interfaces and epitaxial growth, making it a candidate
material for 2D-based integrated systems.
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Fig. 1. The evolution of the LEED patterns is shown for
the clean substrates and for the investigated CryOs in-
cremental growths in the case of (A) Cr,O03/Pt(111) and
(B) Cry03/Gr/Pt(111). In the case of Cr,Os3/Pt(111),
after 2 MLs of Cr oxide a (2x2) reconstruction is found,
which evolves in an additional (\/ 3x \/ 3)R30° after an
incremental deposition up to 8 MLs of Cr,O3. On the
other hand, in the case of Cry,03/Gr/Pt(111), no new
reconstructions are found. Electron energy: (A) 70 eV,
100 eV, 110 eV, bare Pt, 2 MLs and 8 MLs Cr,0O3/Pt
(111) respectively; (B) 70 eV, 75 eV, 65 eV, Gr/Pt, 2 MLs
and 8 MLs Cry03/Gr/Pt(111) respectively.

8ML
Cr20a/Pt(111)

8ML
Cr203/Gr/Pt(111)

2. Materials and methods

Pt(111) single crystal surface was cleaned by several cycles of Ar™
sputtering at 1.5 keV for 10-15 min and annealed at around 700 °C for
10 min.

Gr growth was performed in UHV conditions by low-pressure
Chemical Vapor Deposition (LP-CVD), using Ethylene (CoHg4) as pre-
cursor. Pt(111) crystal was kept at 650 °C while dosing CoH4 at a partial
pressure of 2x10°® mbar for 15 min, followed by an additional 10 min
annealing to promote the desorption of not reacted molecules stuck at
the surface.

Cry03 was grown on bare Pt(111) and on Gr/Pt(111) by evapo-
rating, via electron beam deposition, metallic Cr in a molecular oxygen
partial pressure of 1x10°® mbar, while keeping the substrates at around
300 °C. The average deposition rate was measured by a quartz micro-
balance and kept at 0.3 A/min (the ML thickness was assumed to be ~2
A [25]). After the deposition, the sample was kept at 300 °C for few more
minutes to promote the reorganization of CryO3 on top of the sample
surface [25]. All investigated thicknesses have been obtained via in-
cremental growths.

LEED, Scanning Tunneling Microscopy (STM) and XPS character-
izations were carried out at the NFFA facility of CNR-IOM in Trieste
(Italy) to assess the quality and homogeneity of the samples before Cr,O3
deposition on bare Pt and Gr/Pt. LEED and STM measurements were
carried out in a UHV chamber (base pressure of ~ 4x10710 mbar). STM
topographic images were acquired in constant-current mode and
analyzed with the Gwyddion software package [29]. After deposition,
LEED patterns were acquired to check the CroO3 growth quality and the
long-range order of the samples surface. XPS and XAS measurements
were carried out at APE-HE beamline of NFFA at the Elettra synchrotron
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Fig. 2. (A) Large scale STM topographical image of Gr/Pt(111). Black dashed
lines indicate the grain boundaries of different rotational graphene domains.
(B) Magnification of graphene from the black solid square reported in (A). The
honeycomb graphene lattice is modulated by a 3x3 Moiré periodicity, whose
unit cell is indicated by the green solid diamond. Images parameters: (A) I = 0.2
nA, V= —-1.35V, 100x100 nm?, scale bar = 10 nm. (B) I = 0.57 nA, V = —166
mV, 8x8 nm?, scale bar = 2 nm. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

radiation facility in Trieste [30] with a base pressure of ~ 5x 101° mbar.
XAS measurements were performed in total electron yield (TEY) mode in
linear horizontal polarization, at Cr Ly 3 edges, with the sample surface
at 45° with respect to the impinging beam. XPS spectra were taken with
a Scienta R3000 analyzer, with the same geometry of XAS measure-
ments, being the sample normal to the analyzer. The impinging photon
energy used for XPS measurements was set to 900 eV. The valence band
of a gold reference foil was used to correctly align the binding energies
of all spectra. For both XAS and XPS measurements, the area probed by
the beam spot was around 200x 200 pm?. All measurements were taken
at room temperature.

3. Results and discussion
The LEED patterns for CryO3 ultrathin films at different thicknesses

are presented in Fig. 1, for both bare Pt(111) (Fig. 1A) and Gr/Pt(111)
(Fig. 1B). In the former case, the presence of a sharp (1x1) hexagonal
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diffraction pattern before Cr,O3 deposition is proof of the order and
cleanliness of the substrate surface. The same starting conditions have
been obtained and verified also in the case of Cr,O3 growth on Gr/Pt
a111).

In the bare case, different surface reconstruction are obtained upon
Cry03 deposition as a function of its thickness. In particular, a clear
(2x2) reconstruction is identified after the deposition of 2 MLs of CryO3
(Fig. 1A). Increasing the oxide thickness up to roughly 8 MLs, the
diffraction pattern changes, becoming a superposition of two structures,
namely a clear (\/ 3x \/ 3)R30° pattern and a faint (2x2) reconstruction,
signature of a coexistence of two different oxide structural domains on
the Pt(111) surface, in good agreement with what reported in literature
for the same thicknesses [23,31].

On the other hand, once the Gr intralayer is included, the differences
on the obtained diffraction pattern strongly influence the following
Cry03 growth quality (Fig. 1B). Gr is known to be weakly interacting on
Pt(111), and its Moiré structures and domain dimensions are strongly
dependent on temperature deposition [32-34]. In this case, the LEED
pattern presents arc-shaped spots on top of the preserved (1x1) hex-
agonal pattern of the substrate. This is indicative of the presence of a
locally ordered Gr layer, composed by different domains of varying
orientation. The centers of the arc-shape spots correspond to 19° and 30°
of rotation, in good agreement with what reported in literature for
similar Gr growth temperatures [32].

When Cr,03 is grown on top of this multidomain configuration, no
additional diffraction patterns, and therefore no reconstructions, are
found (Fig. 1B), in contrast with the bare Pt(111) case. Instead, the
intensity of the Gr and Pt spots progressively decreases after each in-
cremental deposition. In this case, CroO3 MLs do not have evident
structural order, giving no additional reconstruction. In particular, the
LEED pattern of the 2 MLs Cry03/Gr/Pt clearly shows the diffraction
spots of Pt and the ring associated to Gr, and even at a coverage of 8 MLs
they are still visible, although weaker, suggesting that the nucleation of
Cr oxide on Gr follows a Volmer-Weber scheme [35].To confirm the
presence of a multidomain Gr layer, we investigate the surface in the real
space via STM measurements. An example of the surface morphology is
reported in Fig. 2. In the large-scale topographical image of Fig. 2A, we
see a good Gr coverage over the whole probed area.

More into details, a black dashed line helps the eye to identify the
borders of different domains, rotated at different angles, confirming the
presence of Gr multidomains. In Fig. 2B, an atomically resolved
magnification of the surface from the solid black square in the large-
scale image points out the local good quality of the Gr honeycomb lat-
tice, confirming its homogeneity in a single domain. The lattice is
modulated by a 3x3 periodicity (Moiré superstructure with respect to
Gr) of roughly 0.7 nm. Based on literature, this periodicity could be
ascribed to a Gr domain whose rotation angle between Gr and Pt lattices
is around 19° [32], in perfect agreement with the LEED patterns shown
in Fig. 1B.

Once compared the structural characteristics of the two cases, we
move to the electronic characterization via XPS and XAS measurements.
Fig. 3 shows the XPS spectra as a function of the incremental growths for
both bare Pt(111) and Gr/Pt(111). Starting from the former case, the
lack of detectable Cr 2p and O 1s signals before Cr,O3 growth (black
lines in Fig. 3A) further confirms the cleanliness of the surface after
sputtering/annealing cycles. After 2 MLs Cry0O3 deposition, Cr 2p and O
1s peaks start rising up (blue spectra in Fig. 3A). Increasing the CryO3
thickness up to 8 MLs, the Cr 2p and O 1s peaks increase their intensity
and sharpness (red spectra in Fig. 3A), consistently with the growth of a
thicker oxide overlayer. Here, clear features can be identified: in the case
of Cr 2p edges, the two peaks are centered at 586.30 eV and 576.52 eV,
respectively, in good agreement with the binding energies ascribed in
literature to Cr 2p;/2 and to Cr 2p3/2 edges in the CroO3 configuration
[36,37]. On the other hand, also the peak in the energy range of O Is
increases, proportionally with the increasing Cr 2p peak. We report a 0.4
eV shift from 530.2 eV for 2 MLs thickness to 529.8 eV at 8 MLs, usually
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Fig. 3. Cr 2p and O Is core levels spectra at different CroO3 growth steps on (A) bare Pt(111), hv = 923 eV, and on (B) Gr/Pt(111), hv = 910 eV. The XPS spectra
clearly show the rising of Cr 2p and O Is peaks for incremental growth of Cr;0s. In (B), C 1s peaks are reported for clean Gr/Pt and 8 MLs Cr,O3/Gr/Pt. The
decreasing in intensity of the peak without a detectable shift of the BE is a strong indication of the Cr oxide growth on top of Gr, with no sign of interface intercalation

or degradation of the carbon layer.

assigned to the hydroxide/adsorbed oxygen species and to the oxide
form (i.e. Cr-O-Cr bonds), respectively [38,39].

Likewise the case of CroO3 grown on bare Pt (Fig. 3A), the XPS
spectra of CryO3 grown on multidomain Gr/Pt, as shown for each in-
cremental growth in Fig. 3B, appear similar.

Also in this case, we confirm the lack of Cr 2p and O 1s contaminants
after Gr growth (black lines in Fig. 3B), while the C 1s peak, centered at
284.0 eV, shows no sign of any spurious C contribution [40]. Well
defined peaks at both the Cr 2p and O Is edges are found after the
deposition of 2 MLs of Cry0O3 (blue spectra in Fig. 3B), which become
evident and sharp upon 8 MLs Cro03 deposition (red spectra in Fig. 3B).

The shape and the binding energies at which these components are
centered (586.7 eV, 576.85 eV and 530.08 eV for Cr 2p;,2, Cr 2p3/2 and
O Is, respectively) match with those we found for the case of Cr,O3 on
bare Pt, and are consistent with what reported in literature [36-38].
This confirms the growth of a stoichiometric CryO3 from the very early
stages, upon multidomain Gr/Pt(111). We also remark that the C 1s
intensity decreases after CroO3 deposition, without either changing its
binding energy position or showing any peak broadening. This is a
strong indication of a growth on top of the Gr/Pt system, with no signs of
Gr degradation or CryOs3 intercalation upon deposition. Therefore, these
photoemission measurements show how ultrathin CryO3 is electroni-
cally well defined and stoichiometric not only when well structurally
grown on bare Pt, but also on a more inhomogeneous interface, as in the
case of multidomain Gr/Pt.

To further corroborate this result, we show the XAS spectra taken at
the Cr Ly 3 edges along the same incremental growth steps for both cases.
The reason of this is in the high sensitivity even in presence of very low
coverages given by absorption spectra in TEY mode [42], which allows
for more detailed comparisons between the two systems. Fig. 4A shows
the absorption spectra related to the same CrpO3 coverages previously
investigated by XPS. To facilitate the analysis of the results, a Crp,O3
reference spectrum from Ref. [41] is added for comparison. Here, the
main features of the Lg edge, correlated to the relative strength of the
atomic and crystal field interactions, are labelled [43,44]. All the
measured XAS spectra, reported in Fig. 4A, show the lineshape corre-
sponding to a pure Cr’" oxidation state, consistently with the expected
stoichiometry and therefore in agreement with the XPS characterization.

Both L3 and Ly peaks are well-defined and nicely retrace the refer-
ence ones. By carefully comparing the L3 features in presence and in
absence of the Gr intralayer and at the two thicknesses, we can estimate

the electronic differences for all cases. In details, at low coverages, all
features appear slightly broader, becoming sharper as the thickness of
chromium oxide increases. In particular, the two main peaks A and B, at
the L3 edge, are clearly evident in all the spectra acquired at different
coverages in both systems; C becomes more prominent at higher thick-
ness, while D is not well defined in all the measured spectra. Focusing on
the higher coverage case, we notice that the pre-edge A is less pro-
nounced compared to the reference spectra, giving higher B/A ratios. A
magnification of the Lg peak for these two spectra, reported in Fig. 4B,
shows that, while almost all features perfectly overlap, slight differences
are present in the shape of A and C peaks. These appear to be more
pronounced and closer to the reference one in the case of Cr,0O3 on bare
Pt(111). This is also confirmed by the more defined peak on bare Pt
(111) at the Ly edge, as can be seen in Fig. 4A. We attribute this to the

differences in growth quality, as observed from LEED patterns in Fig. 1.

While there we could notice that Cr,O3 had no reconstructions once
grown on multidomain Gr/Pt(111), here the effects on the electronic

properties are much less important, with just a slight broadening of the

spectra. Our combined spectroscopic investigation shows that ultrathin

Cry03 grown on multidomains Gr presents the proper stoichiometry and

electronic properties, almost perfectly overlapping with those of Cr,O3

on bare Pt, despite the lack of long-range structural order due to the

higher inhomogeneity of the Gr intralayer leading to a three-

dimensional nucleation of the CroO3 growth. Nevertheless, this is

encouraging in the envision of Cr,O3 implementation on Gr-integrated

heterostructures, with the possibility of exploiting its magnetoelectric
properties for spintronic applications.

4. Conclusions

By means of LEED, XPS and XAS characterizations, we have
compared the electronic and structural qualities of ultrathin CryOs films
grown on bare Pt(111) and on multidomain Gr/Pt(111). In the former
case, CryO3 shows high-quality long-range order from the very first MLs,
with a (2x2) reconstruction at 2 MLs and a mixture of a (1/3x 1/3)R30°
and a (2x2) reconstructions at 8 MLs, consistently with literature,
showing sharp and well-defined XPS and XAS spectra that confirm the
stoichiometry and electronic properties, in good agreement with what
reported for thicker films. Once a Gr intralayer, of which LEED and STM
measurements report a randomly oriented multidomain growth, is
included in-between the Pt(111) substrate and CroO3 MLs, the long-
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Fig. 4. (A) XAS spectra acquired at the Cr Ly 3 edges for Cr,O3/Pt(111) and
Cry03/Gr/Pt(111). We compared different Cr oxide thicknesses: 2 MLs (orange
and red curves, respectively) and 8 MLs (blue and green curves, respectively) of
Cr,03. Below, in black, a reference spectrum for Cr,03 is shown from Ref. [41].
In both cases, similar features are observed, better defined at higher thick-
nesses. (B) A magnification of the Ls peak of the two overlapped curves for 8
MLs Cry03 on bare Pt and on Gr/Pt is shown. Tiny differences are visible in
correspondence to A and C peaks, where the features of Cr,O3/Pt(111) are
better defined than those of Cr,O3/Gr/Pt(111). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version
of this article.)

range morphological order is partially lost because of the higher inter-
facial morphological inhomogeneity which induces the three-
dimensional nucleation of the oxide. Despite that, our spectroscopic
characterizations show almost no modifications in the electronic prop-
erties of the ultrathin CryOs3 films compared to the structurally recon-
structed case, with correct stoichiometry and well-defined spectral
features. These results promote CryO3 as a promising candidate for Gr-
integrated 2D heterostructures, thanks to the lack of interdiffusion and
the low requirements on interfacial morphological order, and stimulate
for further investigations on its correlated antiferromagnetic and mag-
netoelastic properties.
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